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 Abstract 
 
Anthropogenic activities can speed up eutrophication by increasing the rate of nutrient influx 
into lakes. Climate change threatens the health of freshwater ecosystems, increasing the 
frequency and intensity of harmful algal blooms and associated anoxia. The acid-resistant 
remains of freshwater algae and cyanobacteria commonly found in palynological macerations 
remain underutilized, even though their fossil record extends back to the Precambrian. 
Comparing algal palynomorph assemblages in sediments deposited in two meromictic lakes in 
northeastern Massachusetts illustrated their response to different stressors over the last few 
centuries. The abundance and diversity of algal palynomorphs increased as nutrient influx to 
both Sluice and Walden Pond increased with land clearing by European colonists, recorded by an 
increase in Ambrosia and other non-arboreal pollen in the same slides. As the City of Lynn 
became heavily industrialized, Sluice Pond received a lot of effluent, and algal palynomorph 
diversity declined sharply. Walden Pond remained recreational and primarily impacted by 
summer day-visitors, so a diverse dinoflagellate cyst assemblage together with planktonic 
colonial cyanophytes and chlorophytes persisted until major fires occurred in Walden Woods in 
the early 20th century. The different types of land-use between the two sites were hypothesized to 
be the driving factor that determines algal palynomorph assemblages. Sediments deposited since 
the mid-20th century at both sites contain abundant green algal palynomorphs, an observation 
noted in several other studies world-wide. The observed rise of the green algae at two different 
sites is likely attributed to increasing atmospheric CO2  and the Great Acceleration. This might be 
a useful auxiliary proxy marking the proposed Anthropocene Epoch, but further research is 
needed to better understand the taxonomy and taphonomy of algal palynomorphs, with a focus 
on green algae and cyanobacteria, to improve their utility as biomonitors and paleolimnological 
proxies. 
 
 
 
 
 
 
 
 
 Preface: “Thoreau’s Theory” 
 
I went to the woods because I wished to live deliberately, to front only the essential facts of life, 
and see if I could not learn what it had to teach, and not, when I came to die, discover that I had 
not lived. Henry David Thoreau, Walden, page 68. 
 
Walden Pond is a popular destination that attracts many visitors every summer to get closer to 
nature. What popularized Walden Pond and the surrounding woods was the late, great, Henry 
David Thoreau, a famous transcendentalist who was born in Concord, Massachusetts in the early 
19th century. Thoreau began a close relationship with the woods in Concord that surrounded 
Walden Pond when he returned there after attending Harvard University, adopting a naturalist 
lifestyle and writing about his scientific observations and philosophical musings (Andrews, 
1997).  This culminated in the publication of his famous book Walden; or, Life in the Woods in 
1854. 
One of Thoreau’s most famous quotes, “It’s not what you look at that matters, it’s what you see”, 
sets the theme for this thesis. Even in exceptionally well-preserved assemblages, the 
thanatocoenosis differs from the biocoenosis, but laboratory treatments will also affect what a 
micropaleontologist/palynologist will see in a sediment sample.  For example, Riddick et al. 
(2016) found that acetolysis selectively destroys some non-pollen palynomorphs (NPP), notably 
desmids.  Because acetolysis is a routine practice in most Quaternary palynology labs, most 
paleolimnologists rarely see desmids in their “pollen” slides, so they miss potentially valuable 
information. 
Identifying freshwater NPP can be very difficult due to their small size, preservation of 
microfossils, common presence of amorphous organic matter in unacetolysed slides that can 
obscure the palynomorphs, or general lack of knowledge about various microfossils which 
causes scientists to ignore large portions of the production that occurs in lake. Choosing to ignore 
 some microfossils is choosing to have insufficient data, picking and choosing microfossils that 
feed the narrative of their research. Omitting microfossils from counts causes one to not have a 
full understanding, essentially having “blinders” with only a microcosm view of the bigger 
picture.  
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Chapter 1 : Introduction 
 
1.1 Paleolimnology & Paleoenvironmental Reconstruction 
A field of water betrays the spirit that is in the air. It is continually receiving new life and motion 
from above. It is intermediate between land and sky. Henry David Thoreau, Walden, page 141. 
 
The human population is forecast to reach ~9.8 billion by 2050 (United Nations, 2017), leading 
to increased demand for natural resources, including potable water. One of the results of human 
activity is an increase in nutrient (N, P) and other contaminant input to freshwater systems (e.g., 
lakes, rivers, ponds, etc.) from agricultural (fertilizers, human/animal waste), industrial (e.g., 
trace metals and manufactured chemicals), and urban (road salt, petroleum products, sewage) 
sectors. Human activities are adversely impacting our freshwater ecosystems, largely by 
contributing to eutrophication, hypoxia and toxic algal blooms (Smith, 2003., Pearl et al., 2018). 
The increase in nutrients (initially primarily nitrogen, from the application of manure, and more 
recently primarily phosphorus, from chemical fertilizers) promoted the growth of algae and 
cyanobacteria in lake ecosystems (see Figure 1.1).  Geologists employ understanding of what has 
taken place in the past, and why, as a basis for predicting what will happen in the future given 
the circumstances that exist at the present time. To fully understand the present and forecast the 
future, one must understand the past. 
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Figure 1.1 Aquatic Ecodynamic Module that shows the pathway of nutrient flux (C, N, P) and 
various planktonic groups in lacustrine environments. Reproduced from Snortheim et al., (2017). 
Paleolimnology, the study of past conditions of lacustrine environments, allows scientists to 
compare current lake conditions and compare them to the pristine conditions predating human 
settlement, allowing the discrimination of natural conditions from those that arise due to the 
actions of humans. A paleolimnological approach, including organic-walled and mineralized 
microfossils, can identify the response of the base of lacustrine food chains to a variety of 
stressors.  This can help in conserving relatively complex freshwater ecosystems that are such 
important sources of potable water and provide important habitats for aquatic organisms 
resulting from increased stress from anthropogenic activities. These include increased erosion 
and runoff resulting from land clearing in catchments, atmospheric transport of charcoal, soot, 
and fly ash from the combustion of wood, charcoal, and petroleum, and greenhouse-gas induced 
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changes in climate. Algae are sensitive to changes in turbidity, nutrient availability, pH, and 
toxins, and their fossilizable remains record the response of a lake ecosystem to these stressors.  
The physical and geochemical properties of lake sediments and their fossil content preserve a 
record of conditions in the surrounding catchment as well as in the water column.  The 
physicochemical character of the sediments can be relatively quickly analysed using LOI (loss 
on ignition), elemental and isotopic analysis, and measurement of physical properties (e.g., 
magnetic susceptibility, density). Increased concentrations of terrigenous elements such as Fe, 
Al, Mg, Na, K, Ba, Ti, Dy, OC/N ratio, and increased magnetic susceptibility of lakebed 
sediment record accelerated erosion from the catchment and siltation, whether due to naturally 
occurring fires or land-clearing (Burden et al., 1986., Köster & Pienitz, 2006). Questions have 
been raised about the accuracy of paleoenvironmental interpretations based only on 
physicochemical data; the discrepancy between measurements of total phosphorus (TP) in 
sediments, where the phosphorus found in the sediment record does not correspond to the 
available phosphorus within the water column at the time of burial (e.g., Ginn et al., 2012). 
Nutrient flux at the sediment water interface of lakes under reducing conditions can play a larger 
role in phosphorus mobility and bioavailability than recent nutrient loading.  Organisms respond 
to bioavailable nutrients, regardless of their source, and their microfossils record this, as well as 
other physicochemical and ecological stressors.  For instance, diatom assemblages (and diatom-
inferred TP) allowed Ekdahl et al. (2007) to recognize a permanent change in the trophic status 
of Crawford Lake during the middle of the last millennium that lasted long after the Iroquoian 
village that had been a source of nutrient influx was abandoned (Figure 1.3).  
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Figure 1.2 Several different microfossil groups (siliceous diatom frustules and organic-walled 
dinoflagellate cysts and rotifer lorica) record two different intervals of cultural eutrophication 
associated with settlement in the catchment of Crawford Lake.  Spores of the fungus Ustilago 
maydis (corn smut) record the cultivation of corn (Zea mays) by Iroquoian people between 1268 
and 1486 CE and by European colonists since the early 19th century (marked by the Ambrosia 
rise, when ragweed proliferated on disturbed soil). Increased accumulation rates of CaCO3 and 
total organic carbon (TOC) in sediments also record increased biological productivity during the 
Iroquoian and European Intervals.  Diatom inferred-total phosphorus (DI-TP) values record the 
persistence of high nutrient concentrations after the village was abandoned, illustrating the 
irreversible ecological impact that is not clear in the sediment geochemistry. Reproduced from 
Waters et al. (2018). 
 
Microcharcoal in samples processed for pollen analysis is another marker of human settlement.  
Fire was extensively used in clearing land prior to the invention of heavy machinery as well as 
for cooking and space heating. Low concentrations of microcharcoal have been used in 
combination with increases in nonarboreal pollen to identify indigenous agrarian settlements 
(e.g., Marinova and Atanassova, 2006; McCarthy et al., 2018).  Köster et al. (2005) studied 
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microcharcoal in their pollen slides from their core from the deep basin of Walden Pond. Their 
multiproxy study allowed them to identify the record of several large fires around the turn of the 
last century, marked by an increase in charcoal coinciding with a sharp decline of pollen of oak 
(Quercus) and other climax forest trees and with an increase in C/N ratios of lakebed sediment 
(see Figure 2.9. Microcharcoal and changes in pollen assemblages also record naturally 
occurring fires, often associated with peaks in magnetic susceptibility to periods of increased 
sedimentation rate from landslides or high rates of erosion in the catchment (Whitlock & Larson, 
2001; Gavin et al., 2007; Clear et al., 2013).  The utility of magnetic susceptibility in identifying 
fire-induced erosion in has been shown to vary with catchment relief, however: lakes with low 
relief see little to no change in while those with greater relief experience higher peaks in 
magnetic susceptibility (Whitlock & Larson, 2001).   
Other extreme events can also be recorded in lake sediments. Schwab et al. (2009) examined 
physical properties and geochemical proxies in sediments from Lake Sapanca (on the seismically 
active Northern Anatolian Fault in western Turkey) and used radiometric dating to identify a 
series of earthquakes that occurred in Turkey over the last century. Leroy et al. (2009) correlated 
downcore changes in palynomorphs with events identified by changes in grain size, magnetic 
susceptibility and sediment geochemistry in the same cores, suggesting that they were sensitive 
to changes within the lake catchment. 
 
1.2 Algal Microfossils as Proxies of Anthropogenic Impact and Cultural Eutrophication 
The term “algae” is applied to a taxonomically and ecologically diverse group of organisms that 
fix carbon using a variety of accessory pigments in addition to the ubiquitous chlorophyll a. In 
addition to many distantly related microscopic protists (Figure 1.3), this grouping includes 
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macroscopic algae (“seaweed”) in the Divisions Rhodophyta (red algae), Chlorophyta and 
Charophyta (the latter commonly grouped as “green algae”); and in the broadest sense, the 
grouping can include cyanobacteria (“bluegreen algae”).   
 
Figure 1.3 Taxonomic diversity of eukaryotic primary producers; shading illustrates the type of 
plastids hosted by each.  This, of course, includes the plants (embryophytes), as well as “algae” 
(identified using larger font) and even includes primarily heterotrophic protists (protozoans). 
Dinoflagellates include representatives hosting a wide variety of plastids as well as many 
heterotrophic species – notably the protoperidinoid dinoflagellates that have a rich cyst record in 
marine sediments.  Modified from Fig. 2 in Dorrell & Smith (2011). 
 
The fossil record of some algae, notably diatoms, has received much attention, and transfer 
functions allow quantitative paleoenvironmental reconstruction from their fossil/ subfossil 
remains in lake sediments (e.g., Smol & Dixit, 1994, Dixit et al., 1999, Reavie & Smol, 2001, 
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Ekdahl et al., 2007, Smol & Stoermer, 2010). Multiple training sets and transfer functions have 
been erected to reconstruct a variety of environmental parameters from diatom assemblages in 
lake sediments (e.g., Reavie et al., 2006), such as the diatom-inferred TP concentrations in 
varved sediments from Crawford Lake (see Figure 1.2) and Walden Pond proxies (Köster et al., 
2005; Stager et al., 2018), where shifts in diatom assemblages and in the ratios of siliceous cysts 
and scales of chrysophytes were attributed to anthropogenic impact in Walden Woods (Figure 
1.4). 
 
Figure 1.4. Summary of siliceous microfossils in a core from the deep basin of Walden Pond 
(from Köster et al., 2005) showing abundance of diatoms and chrysophytes, including ratios of 
chrysophyte scales and cysts to the frustules of diatom (abundance of diatoms to chrysophytes 
increases with increasing nutrient flux and pH (Zeeb et al., 1994)). Inferences of pH (DI-pH) and 
total phosphorus (DI-TP) are based on transfer functions, and dissimilarity of the analysis was 
estimated using the program ANALOG, comparing downcore dissimilarity with the modern 
assemblage of diatoms. Note the increase in planktonic diatoms (e.g. Fragilaria sp., Asterionella 
sp.) associated with increased nutrient flux measured by with DI-TP over the last century, 
showing an increase of ~5µg/L since ~1920 AD. 
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Diatom workers often give the impression that it is a waste of time for paleolimnologists to study 
any other microfossils in lake sediments since the understanding of diatoms is so well developed.  
It is undeniable that multiple proxies allow a better-rounded and more accurate reconstruction of 
the paleoenvironment.  The presence of a variety of non-pollen palynomorphs (NPP), also 
sometimes referred to as ‘extrafossils’ in pollen slides, can provide insights into the entire 
lacustrine food web as well as conditions in the surrounding catchment. These acid-resistant 
remains of taxonomically and ecologically diverse organisms are usually studied in association 
with other well-understood proxies in sediment cores – not only microcharcoal and palynofacies 
analysis (as well as pollen) in the same slides, but other microfossils (e.g., diatoms, 
chrysophytes, ostracods) in the same sediments, as well as the physio-chemical properties of the 
sediments themselves.  They have been shown to be exceptionally useful paleolimnological 
proxies when mineralised microfossils, such as the siliceous frustules of diatoms and cysts and 
scales of chrysophytes were dissolved, such as in the main basin of Lake Simcoe (McCarthy et 
al., 2018).    
 
1.3 Algal Palynomorphs 
 
Algal palynomorphs sensu lato (grouping together the photosynthesizing bacteria with 
eukaryotic algae- Table 1.1) provide insights into the base of lacustrine food webs, while pollen 
and embryophyte spores in the same slides record conditions in the surrounding catchment. 
Because the organic-walled cells that survive maceration (particularly when protocols avoid the 
use of harsh oxidants and bases) includes cyanobacteria, they are taxonomically even more 
diverse than the eukaryotic algae in Figure 1.3 (Table 1.2). Practical applications of algal 
palynomorph analysis include 1) reconstructing fire histories (Revelles & van Geel, 2016; 
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Danesh, in prep.); 2) tracking the frequency of hazardous earth processes such as earthquakes 
(Leroy et al., 2009; Schwab et al., 2009; Monecke et al., 2018; Pilkington et al., 2019; Alderson, 
in prep.); 3) recording variations in land cover and runoff from the catchment, and in the 
resulting trophic status of lakes, resulting from climatic and hydrologic change (Diniz and 
Medeanic, 2013; Volik et al., 2016); and 4) identifying human impact, primarily cultural 
eutrophication and biomonitoring, remediation/ reclamation and conservation studies (van Geel 
et al., 1994; Hillbrand et al., 2014; McCarthy et al., 2018).    
 
Table 1.1 Common algal palynomorphs (sensu lato) in lacustrine sediments, their classification 
and the chemically inert complex biomolecules that make up the walls of the vegetative, resting 
or reproductive cells of several species of common primary producers in lacustrine 
environments.    
Clade Division/ 
Phylum 
Common NPP Representative 
genus 
Complex 
biomolecule 
Bacteria Cyanobacteria Vegetative cells & 
akinetes 
Anabaena Peptidoglycan/ 
murein 
Archaeplastida Chlorophyta Chlorococcalean 
colonies & coenobia  
Pediastrum Algaenan 
Archaeplastida Chlorophyta Trebouxialean 
colonies & coenobia  
Botryococcus Algaenan 
Archaeplastida Charophyta Zygnematacean 
zygospores 
Zygnema Algaenan 
Archaeplastida Charophyta Placoderm desmid 
half-cells 
Cosmarium Algaenan 
Alveolata Dinoflagellata Dinoflagellate cysts Peridinium Dinosporin 
 
 
Table 1.2 Simplified taxonomy to genus of common cyanophytes, green algae and dinophytes 
represented in the Holocene palynological records of eastern North American lakes  
Class Order Family Genus 
Division: Cyanobacteria Stanier ex Cavalier-Smith, 2002 
Cyanophyceae 
Schaffner, 1909 
Nostocales Borzì, 
1914 
Nostocaceae Eichler, 
1886 
Anabaena Bory 
ex Bornet & 
Flahault, 1886 
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Cyanophyceae 
Schaffner, 1909 
Nostocales Borzì, 
1914 
Nostocaceae Eichler, 
1886 
Nostoc Vaucher 
ex Bornet & 
Flahault, 1886 
Cyanophyceae 
Schaffner, 1909 
Chroococcales 
Schaffner, 1922 
Microcystaceae 
Elenkin, 1933 
Microcystis 
Lemmermann, 
1907 
Cyanophyceae 
Schaffner, 1909 
Synechococcales 
Hoffmann, Komárek 
& Kastovsky   
Merismopediaceae 
Elenkin   
Microcrocis 
P.G.Richter, 
1892 
Division: Chlorophyta Reichenbach, 1834 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen, 1877 
Hydrodictyaceae 
Dumortier, 1829  
Pediastrum 
 Meyen, 1829 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen, 1877 
Hydrodictyaceae 
Dumortier, 1829 
Tetraëdron 
Kützing, 1845 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen 1877 
Scenedesmaceae 
Oltmanns, 1904 
Coelastrum 
Nägeli, 1849 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen 1877 
Scenedesmaceae 
Oltmanns, 1904 
Scenedesmus 
Meyen, 1829 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen 1877 
Scenedesmaceae 
Oltmanns, 1904 
Desmodesmus 
(Chodat) An, 
Friedl & 
Hegewald, 1999 
Chlorophyceae 
Wille in Warming, 
1884 
Chlamydomonadales 
Fritsch in West & 
Fritsch 1927 
Chlorococcaceae 
Blackman & 
Tansley, 1902 
Chlorococcum 
Meneghini, 
1842 
Trebouxiophyceae 
Friedl, 1995 
Trebouxiales Friedl, 
1995 
Botryococcaceae 
Wille, 1909 
Botryococcus 
Kützing, 1849 
Trebouxiophyceae 
Friedl 1995 
Chlorellales Bold & 
M.J.Wynne, 1985 
Chlorellaceae 
Brunnthaler, 1913 
Acanthosphaera 
Lemmermann, 
1899 
Division: Charophyta E.Möhn, 1984 
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Desmidiales  
CE Bessey, 1907 
Desmidiaceae Ralfs, 
1848 
Cosmarium 
Corda ex Ralfs, 
1848   
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Desmidiales  
CE Bessey, 1907 
Desmidiaceae Ralfs, 
1848 
Euastrum 
Ehrenberg ex 
Ralfs, 1848   
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Desmidiales  
CE Bessey, 1907 
Desmidiaceae Ralfs, 
1848 
Staurastrum  
Meyen ex Ralfs, 
1848   
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Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Zygnematales 
Bessey, 1907 
Zygnemataceae 
Kützing, 1843 
Spirogyra Link, 
1820 
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Zygnematales 
Bessey, 1907 
Zygnemataceae 
Kützing, 1843 
Zygnema 
Agardh, 1817 
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Zygnematales 
Bessey, 1907 
Zygnemataceae 
Kützing, 1843 
Mougeotia 
Agardh, 1824 
Division: Dinoflagellata Bütschli, 1885 
Dinophyceae 
Pascher, 1914 
Peridiniales Haeckel, 
1894 
Peridiniaceae 
Ehrenberg, 1832 
Peridinium  
Ehrenberg, 
1832 
Dinophyceae 
Pascher, 1914 
Peridiniales Haeckel, 
1894 
Peridiniaceae 
Ehrenberg, 1832 
Parvodinium 
 Carty, 2008 
Dinophyceae 
Pascher, 1914 
Thoracosphaerales 
Tangen in Tangen et 
al. 1982 
Thoracosphaeraceae 
Schiller 1930 
emend. Tangen in 
Tangen et al. 1982 
Fusiperidinium 
McCarthy, Gu, 
Mertens & 
Carbonell-
Moore, 2010 
 
 
Fossil cysts of freshwater dinoflagellates were first identified by Traverse (1955) from the 
Oligocene Brandon Lignite in Vermont and they have since been identified in sediments of 
Cretaceous to Recent age where they have proven useful in identifying non-marine strata and in 
sea level studies (Batten, 1989). Mertens et al. (2012) reported that resting cysts, produced as 
part of the life cycle of these common lacustrine phytoplankton, had been described for 
approximately ¼ of the 350 extant dinoflagellate species that are known from modern freshwater 
environments, but only a few of these have been observed in palynological preparations of 
Holocene lake sediments (Table 1.3). Cyst -theca relationships are thus known or inferred with 
some confidence for a relatively small number of morphotypes, but fortunately these are the 
cysts that are commonly seen in macerations of Holocene lake sediments (Evitt and Wall (1968); 
Wall and Dale, 1968; Viner-Mozzini et al. 2003; Tardio et al., 2006, 2008; Craveiro et al., 2011; 
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McCarthy et al., 2011; McCarthy and Krueger, 2013; Krueger and McCarthy, 2016; Luo et al., 
2016; McCarthy et al., 2018, ). This allows what is known about the ecological preferences of 
these taxa to be applied to paleolimnological interpretation of Quaternary sediments, and the first 
calibration set directly relating dinoflagellate cyst assemblages with limnological properties has 
been developed for 33 lakes from the Experimental Lakes Area of NW Ontario (Danesh et al., 
2019, in prep).  Dinoflagellate cysts have proven useful in several studies of North American 
Lakes as proxies of climate-driven hydrological change, including in Sluice Pond (Drljepan et 
al., 2014; Hubeny et al., 2015; see Figure 1.7) and of land use in eastern North America 
(McCarthy et al., 2011, 2018; Volik et al., 2013), including by indigenous farmers (McCarthy 
and Krueger, 2013; Krueger and McCarthy, 2016). 
 
Table 1.3 Cysts with demonstrated affinities to extant freshwater dinoflagellates. Note: only a 
few of these cyst-theca relationships have been demonstrated by culturing under laboratory 
conditions.  
Dinoflagellate species Basis of cyst-theca relationship 
 
Chimonodinium lomnickii (Wołoszynska) 
Craveiro, Calado, Daugbjerg, Gert Hansen et 
Moestrup 
Craveiro et al. (2011) – photograph and brief 
description of cyst in published manuscript 
Fusiperidinium wisconsinense (Eddy) 
McCarthy, Gu, Mertens & Carbonell Moore 
Culturing, controlled conditions: Wall and Dale 
(1968); McCarthy et al. (2011) and DNA analysis: 
Luo et al. (2016); McCarthy et al. (2018) 
Parvodinium inconspicuum (Lemmermann) 
Carty 
Uncontrolled excystment: McCarthy and Krueger 
(2013); Krueger and McCarthy (2016)  
Parvodinium umbonatum (F. Stein) Carty 
 
DNA analysis and association with motile cells in the 
water column and in sediment traps: Tardio et al. 
(2006, 2008) 
Peridinium gatunense Nygaard 
 
Association with motile cells in the water column and 
in sediment traps: Viner-Mozzini et al. (2003) 
Peridinium limbatum (Stokes) Lemmermann Culturing, controlled conditions: Evitt and Wall 
(1968); cyst also closely resembles thecate stage 
motile cell 
Peridinium volzii Lemmermann 
 
Uncontrolled excystment: McCarthy and Krueger 
(2013); Krueger and McCarthy (2016) 
Peridinium willei Huitfeld-Kaas Culturing, controlled conditions and DNA analysis: 
McCarthy et al. (2011) 
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Chlorophytes and charophytes, commonly grouped together as “green algae”, have a diverse 
array of life habits (ranging from planktonic, benthic, to edaphic types) that can either form in 
colonies/coenobia, filamentous chains, and conjugate half-cells, many of which survive 
palynological maceration (see Chapter 3 and Appendix C). The ecology of modern 
chlorophytes and charophytes has been extensively studied (Brook, 1982, Jankovská & 
Komárek, 2000., Coesel & Krienitz, 2008, Wehr, 2015) and their fossils have been useful in 
paleoenvironmental studies, speculated to originate as early as the Paleoproterozoic (see Figure 
3.1). Relatively little application to studies of anthropogenic impact has been done in North 
America (Danesh et al., 2013, Riddick et al., 2016, McCarthy et al., 2018), but several European 
studies have interpreted anthropogenic impact from changes in green algal palynomorphs, often 
in association with cyanobacteria in the same palynological preparations (see Figure 1.2 and 
3.3).  Although unicells that form colonies or filamentous chains and akinetes that form under 
unfavourable conditions can be abundant in palynological preparations, little work has been done 
on cyanobacteria as paleolimnological indicators, although much research has been done on the 
ecology of modern lacustrine cyanobacteria since they are common in harmful algal blooms 
(cHABs) (Smol, 2010, Carey et al., 2011, Wehr, 2015, Bellinger & Sigee, 2015). 
Hillbrand et al. (2014), for instance, inferred periods of cultural eutrophication from the 
palynological record of cyanobacteria and green algae a sediment core taken from a lake in 
Switzerland (Figure 1.5).  The first indicator of nutrient enrichment by anthropogenic activity, 
corroborated by an increase in microcharcoal fragments during the Neolithic Pfyner settlement 
period (3915–3690 BCE), was an increase of nitrogen-fixing cyanophytes (Anabaena, 
Aphanizomenon) beginning around 3840 BCE, followed by an increase in small coccal green 
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algae (Coelastrum reticulatum, Tetraedron sp.) when nitrogen was no longer limiting. It is 
common for smaller, buoyant coccal algae like Coelastrum to outcompete larger colonies in 
hypereutrophic conditions (Bellinger & Sigee, 2010), and Hillbrand et al. (2014) attributed the 
replacement of cyanobacteria by green algae to resulting turbid conditions that would have 
limited the frown of cyanobacteria. The initial nutrient flux likely supplied future assemblages 
with the necessary nutrients through nutrient cycling.  
 
Figure 1.5 Pollen and NPP percentages analyzed from a sediment core (NBS-B) taken from 
Lake Nussbaumersee (Canton of Thurgau, Switzerland). Zonation was derived using a 
constrained incremental sum of squares (CONISS) cluster analysis. Seven different microfossil 
assemblages were distinguished which was based on the three separate maxima of cyanobacteria, 
indicating periods of higher trophic levels in the lake. Modified from Hillbrand et al. (2014). 
Van Geel et al. (1994) reported a similar decline in nitrogen fixing cyanophytes like Anabaena 
sp. and Aphanizomenon spp.) and a rise in chlorophytes (Coelastrum reticulatum, Botryococcus 
sp, Pediastrum sp., Tetraedron sp.) following an influx of nitrogen and phosphorus from cultural 
eutrophication in a small lake in Poland during the 20th century (see Figure 3.3).  The increase in 
atmospheric CO2 and other greenhouse gases that are part of the Great Acceleration that 
characterised the significant (quasi-exponential) growth in human population, resource 
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exploitation, and energy usage since the mid-20th century is thought by most researchers to have 
promoted the shift algal assemblages from cyanophyte to green algal dominance (Shapiro, 1973; 
Shapiro, 1990; Caraco and Miller, 1998; Low-Décarie et al., 2011, 2015).  
Eutrophication (the increase in factors leading to photosynthesis that allow for excessive algal 
and plant growth: increased nutrient availability, carbon dioxide, and sunlight) is a natural 
process and can occur without the actions of humans (Carpenter, 1981; Schindler, 2006). Lakes 
naturally become enriched in nutrients over time, so lakes that have been established tend to be 
eutrophic.  Bodies of water with a larger catchment to lake ratio have a greater tendency to be 
naturally eutrophic (Hall & Smol, 1993); this is because larger catchments provide more 
sediment and nutrients via runoff (including nitrates and phosphates – the latter being the most 
critical limiting nutrients in freshwater environments; Schindler, 1974). The surface geology and 
physiography of the catchment are other important factors in determining the trophic state of a 
lake. The likelihood of natural eutrophication is greater in high relief catchments experiencing 
relatively high rates of hydrologic input, causing more erosion (Hall & Smol, 1993) than low 
relief catchments, although low relief catchments experience less erosion and resulting inorganic 
matter but may receive more organic matter. Oligotrophic (nutrient-poor) lakes are common in 
low-relief regions of thin, patchy acidic soil cover over crystalline bedrock, such as the Canadian 
Shield (Curtis and Schindler, 1997), although natural variation has been documented in lakes 
from the Dorset region of the Canadian Shield and in the Experimental Lakes Area (Hesslein et 
al., 2009; Enache et al., 2011; Mushet et al., 2018). Biologic productivity in lakes is also related 
to temperature, increasing with temperature (up to a certain threshold) so that lakes in tropical 
and temperate regions are more likely to be eutrophic than those in boreal and polar regions.  The 
trophic state of a lake is reflected by the biota in the water column and on the lakebed (Figure 
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1.2), and in the fossilizable remains of these that accumulate in sediments. Whether from natural 
forcing or anthropogenic activities, the acid-resistant remains of primary producers and 
consumers can be used as proxies for paleolimnological reconstruction. 
Danesh et al. (2013) reported a decrease in placoderm desmids (Cosmarium, Staurastrum, and 
Euastrum spp.) with increasing nutrient flux and turbidity from the land clearing by Euro-
Canadian colonists to Cook’s Bay, Lake Simcoe, where conditions shifted from oligotrophic and 
oxygen rich to a meso-eutrophic and oxygen poor waters. When conservation measures began 
controlling phosphorus influx to the lake, ecosystem health improved which allowed desmid 
abundance to return. Nonetheless, different species were found before and after the desmid crash 
and desmid abundance was greater prior to colonization, which suggests that the ecosystem did 
not return to pre-disturbance conditions. Volik et al. (2016) found algal palynomorph evidence of 
cultural eutrophication associated with the ragweed rise in other parts of Lake Simcoe, and there 
is evidence of eutrophication associated with a Wendat settlement during the 16th century 
(Riddick, 2016; McCarthy et al., 2018). Increased abundance of planktonic eutrophic green algae 
(Botryococcus spp., Pediastrum spp., Staurastrum spp.) at the expense of oligotrophic green 
algae prior to the ragweed rise could be indicative of Wendat settlement. Across Lake Simcoe, 
an increase in abundance and diversity of dinoflagellate cysts accompanied the sharp increase in 
relative abundance of ragweed pollen (Ambrosia) in the mid-19th Century, and green algal 
palynomorphs increase sharply in abundance and diversity in sediments deposited after the mid-
20th Century, with planktonic eutrophic taxa being the most dominant form of green algae. 
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1.4 This Study 
This thesis aims to illustrate the paleolimnological value of dinoflagellate cysts and the acid-
resistant remains of various life stages of green algae and cyanobacteria, as proxies of 
anthropogenic impact on freshwater ecosystems by comparing algal palynomorph assemblages 
in cores from two lakes that have been subject to different types and intensities of land use in 
their catchments since the arrival of Pilgrim settlers to northeastern Massachusetts. Sluice Pond 
and Walden Pond that have very similar characteristics, the main differences being the much 
larger catchment to lake area ratio in Sluice Pond and the much greater contribution of 
groundwater to the hydrologic budget of Walden Pond (see Chapter 2). The evolution of algal 
assemblages from their natural baselines over the past four centuries is expected to reflect the 
common climatic history of northeastern New England (including the Little Ice Age followed by 
global warming accompanying greenhouse gas (GHG)- driven global warming) and different 
land-use histories between the highly urbanized setting of Sluice Pond and the idyllic Walden 
Pond of Thoreau that is managed by the Massachusetts Department of Conservation and 
Recreation. Both catchments had similar histories of anthropogenic impact until the nineteenth 
century, when Sluice Pond began receiving large quantities of effluent and emissions from heavy 
industry in the rapidly growing city of Lynn (initially called Saugus; see Appendix B), whereas 
Walden Pond became increasingly valued as a natural oasis in this increasingly urbanised region 
– particularly following the publication of Walden; or, Life in the Woods (Thoreau, 1854). Algal 
palynomorph assemblages can be compared with pollen in the same slides that record the land 
use history of this region; this history is well-known from written records and inferred from 
archeological data and oral histories of Indigenous people, such as the Massachuset tribe, prior to 
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European contact (Cronon, 1983; Bragdon, 1996; Ojibwa, 2012; The Editors of Encyclopedia 
Brittanica, 2013).  
The assemblage shift from cyanobacteria to green algae domination in the algal palynomorph 
record of both Sluice and Walden Ponds since the mid-20th century and observed in several other 
studies will be the focus of Chapter 3. Fossils of chlorophytes and charophytes and 
cyanobacteria that remain underutilized in paleolimnological studies despite their very long 
fossil record in lacustrine sediments, but they could prove to be a useful marker of the proposed 
Anthropocene Epoch (Waters et al., 2015, 2016).  Ongoing taxonomic and taphonomic 
challenges are summarised to improve the accuracy and precision of paleolimnological 
reconstructions using the acid-resistant remains of primary producers found in palynological 
preparations of cores SP14-KC1 and WAL15-GC2.   
Appendix A contains raw algal palynomorph data from cores SP14-KC1 and WAL15-GC2. 
Appendix B contains historic information illustrating changing land use in northeastern 
Massachusetts. Appendix C contains tables outlining the morphology of common NPP, the 
ecology of green algae and cyanobacteria, and photo plates of common NPP seen in cores SP14-
KC1 and WAL15-GC2. Appendix D contains additional figures from colleagues including a 
comparison between the algal palynomorphs in core WAL15-GC2 and the diatoms of Walden 
Pond from past publications. Appendix E contains palynological data and figures from 
unpublished work on a sediment core (TILG16) taken near the Tea Island monitoring site on 
Lake George. 
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1.5 Study Sites: Previous Paleolimnological Studies from Sluice and Walden Ponds  
Climate has been a major driver of the evolution of lakes since ice sheets retreated from of New 
England. The pollen stratigraphy records vegetation succession that has mainly been controlled 
by climatic variation since deglaciation, until Pilgrims began clearing large tracts of land in the 
seventeenth century (Foster & Zebryk, 1993, Shuman et al., 2002, 2004, Munoz, 2010). Early 
Holocene warming is recorded by the transition from dominant spruce (Picea) to pine (Pinus) 
pollen, and the abundance of oak (Quercus) and non-arboreal pollen together with pine the 8.2ka 
event (Alley et al., 1997), which was an abnormally cool and dry period during the early 
Holocene (zones II to III in Figure 1.6).  Onset of warmer, wetter conditions in the middle 
Holocene is recorded by a mixed hardwood and hemlock (Tsuga)-dominated pollen assemblage 
that persisted until a drought was indicated by a “hemlock crash” (Tsuga decline) (Shuman et al., 
2004). Increased abundance of pollen of moisture-dependent chestnut (Castanea) in lake 
sediments records wetter conditions following the hemlock crash, and the Tsuga-Castanea 
hardwoods pollen assemblage of Foster and Zebryk (1993) characterise late Holocene lake 
deposits until European settlement. Post-settlement lacustrine sediments are marked by a sharp 
increase in pollen of nonarboreal plants recording extensive land clearing by European settlers to 
New England. Pollen assemblages provide insight into land-clearing, with herbaceous taxa (e.g., 
grasses and composites- Asteraceae) and early successional trees (e.g., birch- Betula) thriving 
after deforestation (see Figure 2.8, 2.9). Unlike Indigenous people, European settlers cleared 
large tracts of land, leading to an increase in nonarboreal pollen in eastern North American lakes 
beginning in the 17th century (Fuller et al., 1998, Ricker et al., 2012).  The increase in Ambrosia 
(ragweed) and other non-arboreal (herbaceous) pollen in eastern North American lake sediments 
is a commonly employed proxy of land disturbance, since these weedy taxa spread quickly as the 
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thick deciduous and mixed forests were cleared for agriculture.  The “ragweed rise” can be used 
as a regional stratigraphic marker, peaking with the amount of land under agricultural 
production. 
 
Figure 1.6 Relative abundance of major pollen taxa in the Walden Pond WAL17 core plotted 
against depth with an image of the core generated using ITRAX. Pollen zonation follows Foster 
and Zebryk (1993) and reflects changes in vegetation in NE New England since deglaciation, 
primarily resulting from climate change, but the rise in Ambrosia and other nonarboreal pollen 
(NAP) records land clearing. Pollen analysis by Francine McCarthy; ITRAX image courtesy of 
Joe Boyce, McMaster University. 
 
The same factors that control vegetation distribution, temperature and hydrologic input, also 
control lake levels in the New England region. Munoz et al. (2010) found that lake levels rose 
after 8.2ka in response to increasingly warm and wet conditions.  The greatest increase in lake 
levels was found during the last 3ka, corresponding with wet and cooler conditions reconstructed 
by transfer functions (Hubeny et al., 2015). Microfossil and geochemical evidence in lake 
sediments record changes in water level and water quality in Sluice Pond, including variations in 
water column stratification and bottom water oxygen, in response to natural (i.e., climatic) 
forcing through the Holocene (Drljepan et al., 2014, Hubeny et al., 2015) and the development of 
hypereutrophic conditions in Sluice Pond, evident from the dominance of the pseudoplanktonic 
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testate amoeba Cucurbitella tricuspis in sediments deposited over the last few centuries 
(Patterson & Kumar, 2002) (Figure 1.7). Hypereutrophic conditions were subsequently 
confirmed by measurements of TP in lakebed sediments that exceed severe effect levels for 
aquatic organisms (see Figure 2.25).  
 
Figure 1.7 Benthic testate amoebae were abundant and diverse in most sediments deposited at 
the relatively shallow site SP07 at the edge of the deep basin of Sluice Pond over the last 2200 
years, until the last few centuries.  Low diversity assemblages strongly dominated by tests of the 
pseudoplanktonic Cucurbitella tricuspis record BOD-induced hypoxia at this site, at 13.3 m 
water depth. Dissolved oxygen concentrations on the lakebed resulting from variations in water 
column stratification were useful in reconstructing water level at this site, which was strongly 
controlled by postglacial climate change (Hubeny et al., 2015). Modified from Figure 4 in 
Drljepan et al. (2014). 
 
Kielb et al. (2015) analysed geochemical and physical proxies from core SP14 KC1 and 
interpreted increases in MS, sedimentation rates, MAR of carbon and concentrations in Zr and 
Rb, OC/N and bulk density, as well as a depletion in δ13C and δ15N to above the peak in 
Ambrosia pollen as indicating increased limnologic productivity and turbidity in Sluice Pond.  
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The greatest change, in the upper 15 cm of the core (upper grey zone in Figure 1.8), occurred 
during the 20th century.  
 
Figure 1.8 Stable isotopes, elemental values/ratios and XRF data, magnetic susceptibility, bulk 
density, high-resolution CT scans, composite imagery and core descriptions (Kielb et al., 2015). 
Age model for core SP14 KC1 was defined using radio-isotopes, the peak in Ambrosia pollen 
(thick green line) modern surface and Pb peak in the mid-1970’s; this was further refined by 
Monecke et al. (2018)- see Figure 2.1. 
 
Monecke et al. (2018) correlated changes in grain size, magnetic susceptibility, sediment 
geochemistry and palynology in a sediment core taken in Sluice Pond, Massachusetts. to 
delineate the Cape Ann earthquake event of AD 1755.  They attributed a spike in terrigenous 
particles and subsequent spikes in NAP such as Ambrosia and nearshore aquatics which 
represent the seiche activity during the earthquake which caused nearshore elements to be re-
suspended in the form of a turbidity current, which is also supported by a decrease in OC/N 
values. Sedimentary physical properties highlighted by Monecke et al., (2018) from Sluice Pond 
such as magnetic susceptibility and dry bulk density (DBD) also indicate a mass wasting deposit 
signature. A detailed chronology was developed by Monecke et al., (2018) with 12 age 
constraints that were used to date the historic Cape Ann earthquake event and provide a concise 
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timeframe for human development in the catchment of Sluice Pond, the City of Lynn, and 
ultimately the New England region (see Chapter 2). 
 
Walden Pond has been the subject of several limnological and paleolimnological investigations, 
with several cores from Walden Pond have been studied for diatoms and chrysophytes (Figures 
1.4 and 1.9). In addition to siliceous microfossils and sediment geochemistry, Köster et al. 
(2005) studied pollen from a sediment core from the deepest basin of Walden Pond (see Figure 
2.9), but they did not study the non-pollen palynomorphs in their samples.    
 
 
Figure 1.9 Siliceous microfossil data from core “WAL-3” from Walden Pond (Stager et al., 
2018) shows a similar response to European settlement to the study of Köster et al. (2005) in 
Figure 1.4.  Peak ratios in chrysophyte scales to diatoms in the upper 4cm are common to most 
cores studied from Walden Pond, and interpreted as recording increased nutrient flux during 
summer months when tourism peaks (Stager et al., 2018). Note the revised diatom nomenclature 
in this study compared to the study of Köster et al. (2005). 
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Knights (2017) analysed geochemical and physical proxies on several cores from Walden Pond, 
including core WAL-15-GC4 (Figure 1.10), allowing ages to be assigned to core WAL-15-GC2 
(see Figure 1.10). A slight increase in magnetic susceptibility measured by Knights (2017) 
correlates with the increase in NAP attributed to Pilgrim settlement of Concord in AD 1635 but 
the biggest change in physical properties and sediment geochemistry occurs in the upper 18 cm 
of the core.  The peak in the C/N ratio at 18 cm (Knights, 2017) correlates with and equivalent 
peak in another core collected fifteen years earlier from the deep basin of Walden Pond, which 
has a 210Pb age of AD 1910 (Köster et al., 2005). Knights (2017) also studied the chemical and 
physical properties of sediments (e.g., magnetic susceptibility) in core WAL-15-GC4 collected 
from a shallower basin of Walden Pond in 2015 (Figure 2.12), allowing correlation between the 
siliceous microfossil analysis of Köster et al. (2005) with the well-dated analysis of Stager et al. 
(2018) (Table 1.1; see also Figure 2.2, 2.3). 
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Figure 1.10 The physical properties measured on core WAL-15-GC4 that are attributed to 
increased erosion in the Walden Pond catchment allow correlation between cores and with the 
history of land use (from Knights, 2017). Calibrated ages are from Stager et al. (2018) who 
studied siliceous microfossils from this core (Table 1.4), and the peaks in magnetic susceptibility 
(MS) allow correlation with core WAL-15-GC2 (see Figure 2.10). 
 
 
Table 1.4 Radiocarbon ages and calibrated age ranges of sediment samples from core WAL-15- 
GC4 from the Central Basin of Walden Pond (“core 4” of Stager et al., 2018). 
Depth in core 14C age (yBP) Calibrated Year (most probable 
range) 
35.5 cm 535 ± 25 1392 – 1435 A.D. 
47.5 cm 980 ± 15 1017 – 1046 A.D. 
57.5 cm 1290 ± 20 668 – 726 A.D. 
64.5 cm 1660 ± 25 332 – 426 A.D. 
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Chapter 2 : A Tale of Two Lakes 
 
Abstract 
 
Palynomorphs in sediments from two small meromictic lakes in northeastern Massachusetts 
record their evolution in response to different stressors over the past four centuries. The remains 
of aquatic primary producers commonly found in pollen slides record perturbations in the 
catchment of Sluice and Walden Ponds, such as land clearing, nutrient loading, heavy metal 
pollution, earthquakes, and fires. Both lakes had similar algal assemblages prior to European 
colonization, although Sluice Pond is a more naturally eutrophic lake because it has a larger 
catchment. Walden Pond was valued as a recreational area since the days of Henry David 
Thoreau and it has been protected by the Massachusetts Department for Conservation and 
Recreation since the 1970s. Sluice Pond is in a heavily urbanized region in the city of Lynn, and 
it received industrial emissions and effluents until the late 20th century. Although they are seldom 
employed in paleolimnological studies, the acid-resistant components of green algae are useful 
proxies of cultural eutrophication in these sediments, reflecting the divergent histories of these 
two lakes. These remains of primary producers also provide evidence for a plausible pre-
European Indigenous signature in Walden Pond that were only subtly reflected in siliceous 
microfossil records published by other workers. 
Although the different degree and type of land use in the catchments of Sluice and Walden Pond 
impacted the algal palynomorph record, the effect of sudden-impact events was even 
greater.  The remains of cyanobacteria (blue-green algae) and green algal palynomorphs support 
the hypothesis of a seiche in Sluice Pond associated with the AD 1755 Cape Ann Earthquake. 
Together with abundant charcoal, algal palynomorphs record the occurrence of multiple fires in 
Walden Woods during the first decade of the 20th century. 
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The transition to dominance of green algae (chlorophytes and charophytes) beginning in the 
early to mid 20th century in both lakes was the greatest algal palynomorph change in sediments 
from both lakes.  This appears to record major regime shifts accompanying the Great 
Acceleration worldwide, and thus could be a useful microfossil marker of the Anthropocene 
Epoch. 
 
2.1 Introduction 
The retreat of Late Wisconsinan ice from New England left behind many lakes that are natural 
paleoenvironmental archives. The depressions left by large blocks of ice during glacial retreat 
allowed kettle lakes to form, many of which contain small but deep basins that allow for 
exceptional preservation of microfossils, particularly when the ratio of depth to surface area 
promotes meromixis (Hutchison, 1957). Pollen in lake sediment records the changes of 
vegetation assemblages in response to changing climate since deglaciation, pathogens (e.g., 
chestnut blight, Dutch elm disease), or deforestation due to fire or logging/ land clearing (Foster 
& Zebryk, 1993, Shuman et al., 2002, 2004).   
Postglacial climate change has been the dominant control on hydrology in New England (Newby 
et al., 2000, 2014, Shuman et al., 2001, Hubeny et al., 2015).  While climate continues to 
influence the New England landscape, intensive land use has become the dominant factor 
controlling vegetation. Increased sedimentation rates and productivity in multiple ponds 
throughout New England have been attributed to logging by European colonists (Francis and 
Foster, 2001).    
The relative abundance of Ambrosia (ragweed) and other non-arboreal pollen such as grasses and 
composites record the degree of land disturbance in a watershed.  No major detectable change is 
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seen in the in the sediment record from land use associated with the hunter–gatherer lifestyles of 
Paleo–Native Americans and Archaic populations until the introduction of maize agriculture 
altered the dynamics between human–climate interactions (Munoz et al. 2010). In addition to 
hunting and fishing, the Massachuset tribe and other Indigenous people practiced agriculture 
(primarily maize) which required the removal of trees and use of controlled fires, (Kilburn, 
2003., Massachusetts Department of Housing and Community Development, 2018).  Although 
there is no evidence from historical records that they cleared vast tracts of land such as European 
colonists (Cronon, 1983., Bragdon, 1996), there is a long “tail” to the ragweed (and other non-
arboreal pollen) rise at many sites, including Sluice Pond (Figure 2.1), that records small-scale 
land clearing by agrarian Indigenous farmers.  
 
Figure 2.1 The sharp rise in Ambrosia and other nonarboreal pollen/ NAP is a regional marker 
dated around the middle of the 18th century in this part of New England (Vickers, 1994; Ricker et 
al., 2012; Hubeny et al., 2018). The age model is based on radioisotopes (137Cs, 210Pb, 14C) in 
addition to industrial contaminants and pollen (modified from Monecke et al., 2018). Hatch 
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marks and pink area indicate the deposit from the Cape Ann earthquake event of AD 1755 
Monecke et al., 2018). 
 
An initial increase in the relative abundance of pollen of ragweed and other nonarboreal taxa (the 
“Ambrosia rise”) is attributed to early land clearing was dated AD 1629 +/- 10 years (Vickers, 
1994). A subsequent sharp increase in nonarboreal pollen (NAP) throughout southern New 
England has been dated AD 1771 +/- 10 (Vickers, 1994) and AD 1749 +/- 56 (Ricker et al., 
2012), consistent with census records of increasing population in the mid-18th century.  These 
mark the bases of subzones IIA and IIB in Figure 2.1 – the “Pilgrim” and “American” zones. 
Diatoms, the most commonly studied fossil lacustrine algae, show a clear response (taxa 
dependent) to natural perturbations and human impact in several New England lakes (Davis et 
al., 1994; Köster & Pienitz, 2006), including Walden Pond (Figures 2.2 and 2.3). Another group 
of siliceous microalgae, the chrysophyte, also increased in abundance related to cultural 
eutrophication, starting in the 1920’s, in response to shoreline development (Colman & Friesz, 
2001; Köster et al., 2005; Stager et al., 2018). The approximately 1800-year sediment record 
analyzed by Stager et al. (2018) shows that chrysophyte scale to diatom ratios were highest in the 
upper 10–12cm of all cores analyzed (Figure 2.3). Chrysophytes have been proven to be 
indicators of lake acidification throughout Adirondack and New England lakes, providing insight 
into the recent acidification of freshwater bodies through atmospheric deposition (Smol & Dixit, 
1990).  
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Figure 2.2 Walden Pond siliceous microfossil abundance and summary geochemical data from 
core “2000 AD” of Köster et al. (2005). Note the major change in diatom zone III coincides with 
a spike in C/N ratio (right). The decline in Tabellaria flocculosa str. IIIp and Cyclotella bodanica 
aff. lemanica records cultural eutrophication since European colonisation of northeastern 
Massachusetts, while the increase in Synedra (Fragillaria) nana and Asterionella formosa 
defines diatom zone III of Köster et al. (2005). 
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Figure 2.3 Walden Pond siliceous microfossil abundance data from core “WAL-3” from Stager 
et al. (2018) shows a similar response to European settlement Peak ratios in chrysophyte scales 
to diatoms in the upper 4cm are common to most cores studied from Walden Pond,  and 
interpreted as recording increased nutrient flux during summer months when tourism peaks 
(Stager et al., 2018). Note the revised diatom nomenclature in this study compared to the study 
of Köster et al. (2005) in Figure 2.2. 
 
No siliceous microfossil analysis has been performed on sediments from Sluice Pond but 
changes in testate amoeba and dinoflagellate cyst assemblages in the upper metre of a core from 
the deep basin were attributed to anthropogenic impact in the Sluice Pond watershed (Drljepan et 
al., 2014). Subsequent palynological studies of the Sluice Pond lakebed provided insights into 
the relative influence of ecology and taphonomy on dinocyst assemblages (McCarthy et al., 
2017). A multiproxy study by Monecke et al., (2018) highlighted the use of sediment proxies 
such as a decrease in C/N ratios, and changes in physical properties such as magnetic 
susceptibility and dry bulk density in core SP14 KC1 from the deep basin of Sluice Pond that 
corroborates an event deposit attributed to the 1755 Cape Ann earthquake.  
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2.1.1 This study 
The acid-resistant remains of algae, protozoans and invertebrates record conditions in various 
sub-environments and trophic levels within a lake, while pollen and fungal palynomorphs 
provide insights into the surrounding watershed.  This allows multiproxy analysis to be 
performed on a single sample processed for pollen analysis. Non-pollen palynomorphs (NPP - 
‘extrafossils’ in slides processed for pollen analysis) have received increasing attention in the last 
few decades, particularly among Quaternarists and geoarchaeologists (van Geel, 2001; Haas, 
2010). NPP have been shown to record anthropogenic perturbations in the watersheds and basins 
of lakes around the world, in both environmental and archeological studies (e.g., Marinova & 
Atanassova, 2006; Cook et al., 2011; Gelorini et al., 2011, 2012).   
One type of NPP, the algal palynomorphs (dinocysts and the acid-resistant remains of green 
algae- and in the broadest sense, the remains of cyanophytes that survive maceration) remain 
underutilized as paleolimnological proxies, largely because their taxonomy and systematics, 
ecological tolerances and optima, and taphonomy remain poorly understood; this is particularly 
true when only one stage of the life cycle or a single resistant part may be preserved.  This study 
illustrates the utility of algal palynomorphs (including the acid-resistant remains of cyanophytes) 
as proxies of cultural eutrophication by comparing the assemblages in two morphologically 
similar lakes that have experienced different degrees and types of impact since Europeans first 
colonized northeastern Massachusetts. 
McCarthy et al. (2017) demonstrated that the exceptional preservation of palynomorphs in the 
deep basin of Sluice Pond was promoted by biochemical oxygen demand resulting from 
eutrophication as well as high water levels that produced a Hutchinson’s ratio value that is 
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associated with increased stratification (Hutchinson, 1957). The meromixis that results from the 
morphology of both Sluice and Walden Pond produced a largely undisturbed sediment record 
that has been studied for a variety of paleolimnological proxies in cores from Walden and Sluice 
Pond, including diatoms, chrysophytes, dinoflagellates, thecamoebians/ testate amoebas, 
tintinnid ciliates, as well as sediment geochemistry (Colman & Friesz, 2001., Köster et al., 2005., 
Drljepan et al., 2014., Hubeny et al., 2015, Stager et al., 2018).   
Cultural eutrophication over the past four centuries is recorded by several proxies in New 
England Lakes (Francis and Foster, 2001) and algal palynomorphs have been shown to be 
sensitive proxies of cultural eutrophication in the Great Lakes region of North America.  
Changes in algal palynomorph assemblages can be related to the historic perturbations in the 
catchment of Sluice and Walden Ponds as recorded by changes in pollen and embryophyte spore 
assemblages. Synchronous responses in the pollen and non-pollen palynomorphs in the same 
palynological preparations illustrate the sensitivity of organic-walled algae to changes in water 
quality in each lake resulting from anthropogenic impact on the catchment (in addition to 
changing climate). Any differences in the algal palynomorph record preserved in these two 
small, meromictic lakes in northeastern Massachusetts can then be interpreted in terms of their 
different recent land-use histories and other factors that differ between the lakes.  
 
2.1.2 Physical limnology, geographic and geologic setting 
 
Walden and Sluice ponds are both relatively small with deep, steep-sided basins in northeastern 
Massachusetts (Figure 2.4, Table 2.1). They are both open lakes on stratified glacial sediments 
of Late Wisconsinan age overlying igneous and metamorphic bedrock (Zen et al., 1983, Hatch, 
Jr., 1991).  
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Table 2.1 Physical limnology, geologic and geographic setting of Walden Pond and Sluice Pond. 
*indicates population estimated using a free online resource (FreeMapTools, 2018). 
 
Input to the water budget of Walden Pond is approximately 55% from groundwater and 45% 
from precipitation, and output includes approximately 26% from evaporation and 74% from 
groundwater seepage; residence time of water in the lakes is approximately 5 years (Colman & 
Friesz, 2001).  Sluice Pond is within the Lynn Harbour sub-catchment of the Nahant Bay 
 
Walden Pond Sluice Pond  
Location Concord, MA Lynn, MA 
Area (km2) 0.25 km2  0.18 km2  
Maximum Depth 30.5 m 19.8 m 
Elevation 43m 9.14m 
Bedrock Andover Granite (Silurian or 
Ordovician) 
Dedham Granite, Diorite & 
Gabbro, Lynn Volcanic 
Complex (primarily 
Proterozoic) 
Bedrock Zone Nashoba Zone, Enigmatic 
Terrane 
Milford-Dedham Zone, 
Avalon Terrane  
Catchment: Lake Size 
Ratio 
2.49 (0.622 km2 :0.25 km2) 27.44 (4.94km2: 0.18km2) 
Trophic Status Mesotrophic Eutrophic-Hypereutrophic 
Catchment Population 0 (no permanent residents) Lynn: 12,250* 
Population: Catchment 
Ratio: 
0 2,480 residents/km2 
(12,250:4.94km2) 
Current Conditions Conservation area managed 
by Mass. Department of 
Conservation & Recreation 
In an urban area with golf 
course, houses, etc. 
Vegetation Dense hardwood forest with 
common hemlock 
Urban landscape 
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catchment. 
  
Figure 2.4 Bathymetric maps of Walden Pond (left) and Sluice Pond (right). State map (top 
right) indicates the location of both lakes in eastern Massachusetts, Walden Pond denoted by red 
star marker and Sluice Pond with orange circle marker. Markers also indicate coring locations, 
taken from the deep basin at both sites. Walden Pond map source: Riddick, unpublished, and 
Sluice Pond modified from Hubeny et al. (2015). 
Although the hydrogeology of the Sluice Pond basin has not been studied, groundwater recharge 
is thought to have less influence in this heavily urbanized area with 36.7% impervious cover, and 
62.2% residential land use (Gordon, 2004).  Due to such a high percentage of developed land in 
the catchment, it is assumed that most of inflow to the lake comes from overland flow and from a 
small stream entering the lake from the northwest end, while outflow is regulated by an 
approximately 1m high dam that was  built in the mid-seventeenth century near the southeast end 
of the pond (Lewis and Newhall, 1865). Sluice Pond has a surface area approximately 28% 
smaller than Walden Pond (0.18 : 0.25km) while the catchment of Sluice Pond is approximately 
7.94X greater than Walden Pond (4.94 : 0.622km2) (Figure 2.5, and Table 2.1). This makes the 
catchment to lake ratio of Sluice approximately 11.02X greater than Walden Pond (27.44: 2.49), 
indicating Sluice Pond receives much more runoff. 
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Figure 2.5 Groundwater catchment map of Walden Pond (left) and catchment map of Sluice 
Pond (right). Note the scale of the Sluice Pond catchment compared to Walden. Walden Pond 
map source (Coleman and Friesz, 2001) and Sluice Pond map source (Hubeny, unpublished). 
 
 
2.1.3 Land-use History of Walden and Sluice Pond Catchments   
 
Both Concord and Lynn were colonized by Pilgrims in the early 17th century, and both 
catchments had similar histories until the 19th century, when the area around Sluice Pond became 
heavily industrialized whereas Walden Pond became a recreational area, popularized by the 
naturalist Henry David Thoreau in his book Walden, or Life in the Woods.   The very different 
land use history of the catchments of these two lakes since the arrival of European settlers is 
predicted to be an important factor determining algal succession over the last four centuries. 
 
The history of Concord, MA is summarized from a variety of sources, including Andrews 
(1997), Massachusetts Department of Conservation and Recreation (2007), and Köster et al. 
(2005). After the Pilgrims settled in Concord, land clearing took place and evidence of increased 
logging is recorded in the sediment record through the 19th century (Köster et al., 2005). 
Fitchburg Railroad laid a track through Concord in 1844 which led to increased population and 
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tourism, and fires in the woods of Walden in 1894 and 1896 were likely caused by sparks from 
steam engines. An Excursion Park built in 1866 by Fitchburg Railroad on Ice Fort Cove near the 
SW portion of the lake burned down in 1902 and was subsequently demolished. The Walden 
Pond State reservation was established in 1922, after which a bath house and an amusement park 
were built along the eastern shore of the lake. Evidence of increased sedimentation is recorded in 
lake sediments from the development of hiking trails (including one leading to Thoreau’s Cabin), 
logging, landscaping, and beach enlargement between the 1930’s and 70’s. By 1949, it was 
reported that the natural state of Walden further deteriorated due to deforestation and shoreline 
erosion that it forced the Thoreau Society to be restore the site to a natural state (Andrews, 
1997). Deforestation of over 100 trees and removal of the slope behind the beach along the 
eastern shore by the county in 1957 was meant to expand the beach. A court order in 1960 
demanded the county return Walden to same condition that Thoreau himself described in 
Walden; or Life in the Woods (Andrews, 1997). Since the 1970’s, Walden Pond has been under 
conservation by the Massachusetts Department for Conservation and Recreation (MDCR, 2007).   
They closed the amusement park and fixed existing trails and facilities, helping to conserve the 
pond that was determined to be in an oligotrophic-mesotrophic state when conservation began 
(Köster et al., 2005). Concord has low population (Figure 2.6) and there are no permanent 
residents within the Walden catchment, but tourism continues to Impact the water quality. 
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Figure 2.6 The graphs above show the change in population in the cities of Lynn and Concord 
compared to the state of Massachusetts since the United States Census began tracking population 
numbers. Notice the rapid population growth of Lynn compared to Concord during the late 19th 
century, and the difference in scale between the two sites and total population of Massachusetts. 
Data from United States Census (2010). 
 
After Lynn was first settled in AD 1629, Europeans began logging in the surrounding area and 
land-use changes have been recorded in the pollen/sediment record of Sluice Pond (Hubeny et 
al., 2015). The City of Lynn was incorporated in 1850 AD, and its population grew rapidly 
between from 9,367 residents in 1850 AD to 102,320 residents in 1930 AD (Figure 2.6) (Alonzo 
& Newhall, 1865; US Census of Population and Housing, 2010). Lynn was a major centre of 
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shoemaking and a leather tannery introduced heavy metal toxicity into Sluice Pond between AD 
1850 and the 1980’s (Faler, 1981). The shoe industry attracted an early electrical industry and 
the Thomson-Houston Electric Company of Lynn merged with Edison Electric Company of 
Schenectady, NY, forming General Electric in 1892.  This allowed heavy industry to expand 
rapidly in Lynn. After reaching a maximum population in the 1930’s, the population of the city 
of Lynn was on the decline until the 1990’s when population increased to 92,697 residents (see 
Figure 2.6) by 2010 AD (US Census of Population and Housing, 2010). Today, Sluice Pond is 
surrounded by heavy urban development, including housing complexes, two main roads, a golf 
course, and it is used as a recreation site (e.g., swimming, fishing, boating). The catchment to 
population ratio for the small (4.94km2) catchment is 2,480 residents/km2 (estimated population 
of 12,250 residents using online tool www.freemaptools.com). 
 
2.1.4 Age Model for core WAL15-GC2 
 
Correlating synchronous changes in non-pollen palynomorphs with the detailed historic records 
available for both sites requires a reliable age model for each sediment core. A detailed age 
model for core SP14-KC1 over the last ca. 500 years was recently published by Monecke et al. 
(2018); it compared the high-resolution record of Ambrosia and other non-arboreal pollen and 
industrial contaminants (V, Pb) with the historic record of the region around Sluice Pond.  In 
addition to the available dates for the Ambrosia rise in New England (Vickers, 1994), 
radioisotopes (137Cs, 210Pb, 14C) provided chronological control for the pollen zones, including 
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physical properties and elemental analysis record different phases of anthropogenic impact on 
Sluice Pond (see Figure 2.1, 2.7).  
 
Figure 2.7 Sedimentary proxy data for core SP14-KC1 (found in Figure 2.1) published in 
Monecke et al., 2018. Geochemical data analyzed by Kielb (2015). Note the changes in magnetic 
susceptibility (MS) and carbon to nitrogen ratios (OC/N) that allow for a broad chronical control 
between the two sites and similar catchment activities that produce similar results occurring 
around the same time.  
  
Zonation between the “Pre-Indigenous” subzone IA and the “Indigenous” subzone IB were 
subdivided based on the first spike in Ambrosia prior to European pilgrims reaching the 
Americas. Cluster analysis of algal palynomorph data from SP14-KC1 provides additional 
justification for the subdivision of zone I. The “Pilgrim” subzone IIA was divided from zone I 
because of an increase in non-arboreal pollen and Ambrosia related to an increase in land 
clearing by Europeans (see Figure 2.1), consistent with the C14 age of these sediments indicating 
European presence in NE Massachusetts at this time. Monecke et al. (2018) determined the age 
of the anomalous deposit attributed to the 1755 Cape Ann earthquake was between ca.1740 and 
1810 AD. The “American” subzone IIB was placed after the 1755 AD event, correlating to an 
increase in land clearing seen in the pollen record and an increase of American residents in Lynn, 
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MA. The “Industrial” subzone IIC was placed at approximately 1900 AD, correlating with the 
rapidly increasing population associated with industrial expansion (Figure 2.6). The peak in 
Ambrosia and other non-arboreal pollen records peak land clearing at this interval. The “Modern 
Urbanization” zone III was divided from the previous subzone because of a slow decline in 
industry following WWII and the transition to a largely suburban, residential setting. The base of 
the “Modern Urbanization” subzone was placed mid-20th century, after the maximum peak 
abundance in non-arboreal pollen and closely related to the maximum increase of population 
within Lynn.  
The well-dated pollen zones recording changes in land use in the Sluice Pond catchment were 
also identified Walden Pond, providing the basis for chronological control in core WAL-15-GC2 
(Figure 2.8). Excellent age control from 14C ages and 210Pb on the sediment core collected from 
the deep basin of Walden Pond in 2000 by Köster et al. (2005) allows ages to be assigned to key 
pollen events in core WAL-15-GC2 (Figures 2.8, 2.9, 2.10) and allows for a highly detailed 
comparison with the history of the Walden Pond catchment. Additional dating of pollen horizons 
associated with varying degrees of anthropogenic impact/ land disturbance help with 
chronological control. Vickers (1994) placed an increase in nonarboreal pollen to have occurred 
in 1629 AD (initial settlement by Pilgrims in Lynn) and the sharp Ambrosia rise was dated 1771 
AD across New England. Wheeler (1967) found similar results, with the European settlement 
horizon dated to the foundation of Concord, 1635 AD. 
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Figure 2.8 The well-dated regional pollen zones related to land disturbance were identified in 
core WAL-15-GC2 (F. McCarthy analyst, unpublished data). Calendar ages are inferred from the 
well-dated pollen stratigraphy of Köster et al., 2005, identifying key markers such as the rise in 
Ambrosia and other NAP, and the sharp decline in Quercus (oak pollen) and subsequent rise in 
Betula (birch pollen)– see Figure 2.9. 
 
Figure 2.9 Summary relative abundance of pollen and geochemical data in a core analysed from 
the deep basin of Walden Pond by Köster et al., 2005. Age control on this core is based on 
radiometric dating (210Pb and 14C) and the increase in agricultural weeds/non-arboreal pollen 
(NAP) that records European settlement (ca. 1635 AD).  Note the sharp peak in C/N and decline 
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in organic matter (LOI) at the beginning of the 20th century attributed to several forest fires. 
From left to right, loss-on-ignition, carbon to nitrogen ratios, carbon stable isotope, and nitrogen 
stable isotopes. The dashed lines indicate major changes in diatom and chrysophyte assemblages 
(see Figure 2.2). 
 
Other physicochemical properties measured by C. Knights (Salem State U.) on sediments core 
WAL-15-GC2 were also correlated with the well-dated core of Köster et al. (2005), contributing 
to the age model (Figure 2.10). A slight increase in magnetic susceptibility measured by Knights 
(2017) correlates with the increase in NAP attributed to Pilgrim settlement of Concord in AD 
1635 but the biggest change in physical properties and sediment geochemistry occurs in the 
upper 18 cm of the core.  The peak in the C/N ratio at 18 cm (Knights, 2017) correlates with and 
equivalent peak in another core collected fifteen years earlier from the deep basin of Walden 
Pond, which has a 210Pb age of AD 1910 (Köster et al., 2005). Knights (2017) also studied the 
chemical and physical properties of sediments (e.g., magnetic susceptibility) in core WAL-15-
GC4 collected from a shallower basin of Walden Pond in 2015 (Figure 1.10), allowing 
correlation between the siliceous microfossil analysis of Köster et al. (2005) with the well-dated 
analysis of Stager et al. (2018) (Table 1.4; see also Figure 2.2, 2.3). 
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Figure 2.10 Elemental and physical property data for core WAL-15-GC2, from C. Knights 
(2017). Notice the flux of each curve changes above 20cm downcore, occurring at the same 
interval as the spike in carbon to nitrogen ratio, which can be seen in the elemental data from 
Köster et al., (2005) (see Figure 2.9). Ages on the diagram are inferred by comparison (‘wiggle-
matching’) with the well-dated core WAL-15-GC4 from the Central Basin of Walden Pond (see 
Figure 1.10). 
 
 
2.2 Methods 
2.2.1 Coring, Subsampling, Processing 
The cores were obtained by J. B. Hubeny: the 79.3cm SP14-KC1 core from the deep basin of 
Sluice Pond, (ca. 19.8m water depth; 42°29'18.0"N - 70°57'48.9"W) in 2014 using a Kullenberg-
type gravity piston coring instrument, and the 60cm WAL-15-GC2 core was taken from the 
western deep basin of Walden Pond (ca. 30.5m water depth;  42°26'18.0"N 71°20'24.0"W) on 
June 3rd, 2015 using a gravity corer.  Cores are stored at 4oC at Salem State University and 
subsamples of 2.5ml volume (measured by liquid displacement) were processed at Brock 
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University for palynomorphs using standard maceration techniques for Quaternary sediments, 
modified from Faegri & Iversen (1975) to avoid harsh bases and oxidants that negatively impacts 
some NPP (e.g., desmids; Riddick et al., 2016). After disaggregating clay-rich samples using a 
weak (0.02%) sodium hexametaphosphate solution, carbonates were dissolved using weak (10%) 
hydrochloric (HCl) in a warm (ca. 70oC) water bath for 15 minutes. One tablet containing a 
known quantity of Lycopodium clavatum spores (see Appendix A) (Stockmarr, 1971) was 
dissolved by HCl at that time. Stock bottle strength (48-52% hydrofluoric acid/ HF) was added to 
dissolve silicates (including biogenic silica). Residues were rinsed with distilled water between 
each step after centrifuging for 3 minutes at 3000 rpm with a rotor diameter of ~0.127 m. 
Residues were sieved using a 10μm mesh sieve to remove clays and fine amorphous organic 
master (AOM). Acetolysis was not employed, as past studies show the destruction of some 
dinoflagellate cysts (Marret, 1993) and desmids (Riddick et al., 2016) from the oxidation. 
Residue was mounted on glass slides using a glycerin jelly mounting medium.  
Non-pollen palynomorphs were analysed using a Leitz Wetzlar Orthoplan microscope at 400× 
magnification. Because there is no definitive resource dealing with the acid-resistant remains of 
freshwater algae, many sources were used to identify these microfossils, including Komárek & 
Jankovská (2000), Wehr & Sheath (2015), Bellinger & Sigee (2015), and online resources 
(Algalweb.ne, Digicodes.info, Galerie.sinicearasy.cz, Protist Information Server). Representative 
palynomorphs and how each species was counted/quantified are illustrated in photomicrographs 
in Appendix C, table C.1. Each sample was counted to 50 Lycopodium clavatum marker spores 
in an effort the standardize the sampling effort, and absolute abundances (concentrations) were 
estimated using these marker spores (Swain, 1973, Cwynar, 1978, Clark, 1982). Concentrations 
and raw counts can be found in Appendix A.  
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Semiquantitative analysis of charcoal and soot (fly ash) was performed on palynological residues 
from both cores using methods from Whitlock & Larson (2001). The absolute abundance of 
angular microcharcoal + quasi-spherical soot (<100 µm) and angular/ woody macrocharcoal 
(>100μm) fragments was also estimated using marker spores of Lycopodium clavatum. 
Microcharcoal accounts for a regional signature of fire/ combustion burning because small 
particles travel long distances, and microcharcoal accounts for a more local signature. Patterson 
et al. (2005) and MicrolabNW (2007) provide context for distinguishing between angular woody 
fragments (charcoal) from components of industrialization (agglomerated soot particles). While 
both types of carbonaceous components can be distinguished, in this study they were grouped 
together. See photoplates (Appendix C) for the representative charcoal fragments that are a result 
of the activities within each catchment. Pollen data used in this thesis were analysed by Francine 
McCarthy using a Leica DMLB light microscope at 400X magnification and identified using the 
key of McAndrews et al. (1973). Raw counts and representative palynomorphs are illustrated in 
photoplates in Appendix C. 
 
Statistical Analyses 
A stratigraphically constrained cluster analysis of non–pollen palynomorph data was performed 
with PAST version 3.22 (Hammer et al., 2001), using the “paired group” algorithm along with 
the “Bray-Curtis” similarity index. Separate cluster analysis was performed on each of the 
individual groups of algal palynomorphs (chlorophytes, charophytes, cyanophytes, & 
dinophytes) from both sites, and cluster analysis of total algal palynomorph data was also 
performed on both cores (see Appendix A for raw data). 
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Shannon Diversity Index (SDI) was calculated (Shannon & Weaver, 1949) to determine species 
diversity through time at both sites. Separate indices were calculated using total algal 
palynomorph data and the individual divisions of algal palynomorphs from both sites (see 
Appendix A). The greater the SDI value indicates more favourable conditions for species 
diversity (Patterson & Kumar, 2002). SDI values were calculated using the following formula in 
Microsoft Excel:   
!"#	(&) = −*+,-.+,/0123  
 
H = Shannon diversity index (SDI); 
Ss = total number of species; 
Pi = Ni / Nn - proportion of individuals of the total sample belonging to ith species; 
Ni = number of individuals (Nn) belonging to ith species; 
Nn = total number of individuals. 
 
2.3 Results 
 
Palynological preparations from both sites contain opaque, acid-resistant carbonaceous particles.  
In core SP14-KC1, primarily subspherical particles interpreted as fly ash (“soot”) from the 
combustion of coal are sufficiently abundant in sediments deposited since the late 19th century 
that alter their colour (see Figures 2.11 and 2.12). In core WAL-15-GC2, more angular particles 
interpreted as charcoal are abundant in sediments deposited since the late 19th to early 20th 
century (see Figure 2.13). 
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Figure 2.11 The sharp increase in abundance of opaque particles measured in palynological 
preparations from core SP14-KC1 beginning in the late 19th century is visible in the photograph 
and graphic interpretation of core lithology from Monecke et al. (2018) and it correlates with 
peak abundance of Ambrosia and NAP. The first appearance of sooty particulates occurs at 26cm 
downcore, in the latest 19th century. 
 
 
 
Figure 2.12 Fine-scale light-dark laminations are visible in a freeze core collected from the deep 
basin of Sluice Pond in October 2015 (Figure 2.1, 2.11), possibly recording seasonal variations.  
Most of the dark particles in the laminae are sub-spherical opaque particles interpreted as fly ash 
(soot).   
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Figure 2.13 WAL-15-GC2 age model with pollen data and charcoal fragment abundance. 
Charcoal fragment abundance peaks between 18.5 and 16.5cm in core WAL-15-GC2, correlating 
with a sharp decline in Quercus and peak in Betula associated with the peak in charcoal, 
highlighted by stippling. Compare to the pollen record of Köster et al. (2005) in Figure 2.9. 
 
 
Stratigraphically constrained cluster analysis identified major algal palynomorph assemblage 
shifts in both cores SP14-KC1 and WAL15-GC2 (Figures 2.14 and 2.15).  These assemblage 
shifts often coincide with the zone boundaries identified in the pollen assemblages and the 
geochemical and physical properties of sediment associated with anthropogenic impact in the 
catchments (Figures 2.1, 2.7, 2.8 2.9, 2.10, 2.11, and 2.13). Other assemblage shifts coincide 
with unique sedimentation events in each lake identified by hatch and stippling patterns (see 
Figures 2.11 and 2.13).   The light-coloured homogenous unit seen in the lithology of core 
SP14-KC1 (Figure 2.14) is attributed to the AD 1755 Cape Ann earthquake by Monecke et al. 
(2018) and the charcoal-rich sediments deposited in Walden Pond during the early 20th century 
are attributed to fires within the catchment (Figure 2.15) (Köster et al., 2005; Stager et al., 
2018).  
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Figure 2.14 Relative abundance of all algal palynomorphs in core SP14-KC1. Stratigraphically 
constrained cluster analysis identifies major algal assemblage changes (as seen with the 
horizontal dash lines, ranked in order of greatest change) associated with peak industrial 
development (zone IIC, rank 1), the 1755 earthquake (identified by hatch pattern, rank 2) and 
following and the continued development of an urbanized landscape (zone III, rank 3). Diversity 
(measured using the Shannon Diversity Index/ SDI) was lowest during zone IIB, coinciding with 
the peak in land clearing recorded by Ambrosia pollen.  
 
 
 
Figure 2.15 Relative abundance of all algal palynomorphs in core WAL15-GC2. 
Stratigraphically constrained cluster analysis identifies major algal assemblage changes 
associated with (measured by SDI, as seen with the horizontal dash lines, ranked in order of 
greatest change) the conservation that began in the late 20th century ( zone III, rank 1),  the spike 
in charcoal and C/N ratio correlating with fires in the catchment of Walden Pond (highlighted by 
stippling in zone IIC, ranks 2 and 4), and presence of indigenous farming prior to European 
colonization (zone IA and IB, rank 3). 
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Algal palynomorph diversity is low throughout both cores, with Shannon Diversity Index (SDI) 
values ranging between ~0.8 to ~2.25 in core SP14-KC1 and ~1.4 to ~2.85 in core WAL-15-
GC2.  In core SP14-KC1 the Shannon Diversity Index (SDI) varies in value around 2 before 
declining sharply in the early 19th century around the same time that abundant microcharcoal/ 
soot becomes abundant (Figure 2.11, 2.14), darkening the sediments (Figure 2.12).  Algal 
palynomorph diversity is approximately the same in WAL-15-GC2 until the 20th century, 
ranging in value between ~1.5 and ~2.25, and unlike in core SP14-KC1, the highest SDI values 
are in sediments deposited since the beginning of the 20th century, above the lowest diversity 
(SDI <1.4) in charcoal-rich samples deposited around AD 1910 (Figure 2.13, 2.15). 
 
Figure 2.16 Cyanophyte algal palynomorph abundance from Sluice Pond core (SP14–KC1) with 
stratigraphically constrained cluster analysis for both total algal palynomorphs (left) and total 
cyanophyte palynomorphs (right). The increase in akinetes of Anabaena and Microcystis 
colonies above the earthquake deposit (hatch pattern) when most other algal palynomorphs 
decline sharply un abundance is reflected in the low SDI values measured on the total algal 
palynomorph assemblage in zone IIB. *Note the nitrogen fixing taxa are in black, while non-
nitrogen fixing taxa are in blue. 
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Figure 2.17 Chlorophyte algal palynomorph abundance from Sluice Pond core (SP14–KC1) 
with stratigraphically constrained cluster analysis and Shannon diversity index for both total 
algal palynomorphs and total chlorophyte palynomorphs (right). The decreased abundance of 
chlorophytes above the earthquake deposit (hatch pattern) is reflected in the low SDI values 
measured on the total algal palynomorph assemblage in zone IIB. The transition to increased 
abundance of chlorophytes (mainly Coelastrum reticulatum) in zone IIC to III is reflected in the 
total algal palynomorph stratigraphically constrained cluster analysis where the greatest change 
occurs. 
 
The early 20th century increase in green algae is the greatest shift identified by cluster analysis in 
both cores and it coincides with the base of zone III (Figures 2.14 & 2.15). Both the planktonic 
chlorophyte Coelastrum reticulatum and the edaphic/epilithic chlorophyte Chlorococcum sp. rise 
sharply in abundance in the core from Sluice Pond around AD 1920, the former reaching a 
maximum abundance of ~212,650 coenobia/ml in the sample from 6cm (Figure 2.17). Other 
chlorophytes, including Acanthosphaera and Scenedesmus, are also relatively abundant in 
sediments deposited since the early 20th century in Sluice Pond.   
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Figure 2.18 Charophyte algal palynomorph abundance from Sluice Pond core (SP14–KC1) with 
stratigraphically constrained cluster analysis and Shannon diversity index for both total algal 
palynomorphs and total charophyte palynomorphs(right). The transition from benthic 
Cosmarium spp. in zone IIB to planktonic Staurastrum spp. occurs concurrently with the greatest 
change in the total algal palynomorph identified using stratigraphically constrained cluster 
analysis. 
 
In the core from Walden Pond, desmids (including several benthic species) become relatively 
abundant after AD 1940 (Figure 2.18) and chlorophytes such as Acanthosphaera sp., 
Chlorococcum sp. and Coelastrum reticulatum are also more common in zone III than below in 
core WAL15-GC2.  Cysts of the dinophyte Parvodinium umbonatum are also common in this 
zone, reaching ~6,900 cysts/ml at 5.5cm (ca. 2000 AD), which is the most diverse assemblage in 
core WAL15-GC2 (SDI ~2.85 at 9.5cm).  
Cyanophytes dominate the algal palynomorph assemblages in zones I and II in both cores 
(Figures 2.14 & 2.15).  Cyanophyte diversity is relatively high in core SP14, where several taxa 
were common in addition to the nearly ubiquitous colonies of Microcystis (Figure 2.16). The 
cyanophyte Microcystis was a common constituent in palynological preparations from core 
SP14-KC1 (reaching a maximum abundance of ~46,366 unicells/ml in sediment deposited   
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Figure 2.19 Dinophyte algal palynomorph abundance from Sluice Pond core (SP14–KC1) with 
stratigraphically constrained cluster analysis and Shannon diversity index for both total algal 
palynomorphs and total dinophyte palynomorphs (right). The sharply decreased abundance of 
dinophytes above the earthquake deposit (hatch pattern) is reflected in the low SDI values 
measured on the total algal palynomorph assemblage in zone IIB.   
 
during the 18th century), with the only exception being in the sediment identified as having been 
resedimented by the AD 1755 Cape Ann earthquake by Monecke et al. (2018). Other common 
cyanophytes in zones I and II of core SP14-KC1 include: 1) vegetative cells of the planktonic 
filamentous cyanophyte Nostoc sp. that reach a maximum abundance of ~58,574 unicells/ml in 
zone IA and remain relatively common through zone IIB; 2) sheaths of Lyngbya sp. that are quite 
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consistently common through zones I and IIA, and 3) akinetes of Anabaena sp. that are relatively 
common throughout core SP14-KC1, peaking at ~86,227 cells/ml in zone IIB.   
 
Figure 2.20 Cyanophyte algal palynomorph abundance from Walden Pond core (WAL-15-GC2) 
with stratigraphically constrained cluster analysis and Shannon diversity index for both total 
algal palynomorphs and total cyanophyte palynomorphs (right). The sharp increase in 
Microcystis in charcoal-rich sediments (identified by stipple) is reflected in a low SDI value and 
a major change in the total algal palynomorph stratigraphically constrained cluster analysis 
within zone IIC. *Note the nitrogen fixing taxa are in black, while non-nitrogen fixing taxa are in 
blue. 
 
Cyanophyte diversity is lower in core WAL-15-GC2, where Microcystis strongly dominate the 
assemblage, particularly in zones IB - IIC (Figure 2.16, 2.20).  Akinetes of Anabaena sp. were 
only common in sediments deposited prior to the 14th century in Walden Pond and other 
cyanophyte palynomorphs are rare. 
The cysts of dinoflagellates (primarily Peridinium spp.: P. willei, P. cinctum and P. volzii) are 
relatively abundant throughout core WAL-15-GC2 (Figure 2.23), but they are only common in 
zones IB – IIA of core SP14-KC1, and the dinophyte assemblage is comprised primarily of cysts 
of Fusiperidinium wisconsinense (Figure 2.19). 
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Figure 2.21 Chlorophyte algal palynomorph abundance from Walden Pond core (WAL-15-GC2) 
with stratigraphically constrained cluster analysis and Shannon diversity index for both total 
algal palynomorphs and total chlorophyte palynomorphs (right). The increased abundance of 
chlorophytes above the charcoal rich sediment layer (identified by stipple pattern) is reflected in 
greater SDI values during zone IIC which was where a major change occurred in the total algal 
palynomorph stratigraphically constrained cluster analysis. 
 
The only common chlorophytes below zone III prior to the mid 20th century in Sluice Pond are 
the colonial planktonic Botryococcus and the edaphic/epilithic chlorophyte Chlorococcum sp. 
(Figure 2.17). Both Pediastrum coenobia and Tetraedron cells are more  
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Figure 2.22 Charophyte algal palynomorph abundance from Walden Pond core (WAL-15-GC2) 
with stratigraphically constrained cluster analysis and Shannon diversity index for both total 
algal palynomorphs and total charophyte palynomorphs (right). The increased abundance of 
charophyte desmids in zone III is reflected in high diversity from the SDI. The transition to 
increased desmid abundance is reflected as a major change in the total algal palynomorph 
stratigraphically constrained cluster analysis. 
  
 
common below zone III in core SP14-KC1, however. The only common charophytes below zone 
III are Spirogyra, except for an anomalous spike in Mougeotia (up to ~16,678 vegetative 
cells/ml) during the 18th century (Figure 2.18).  In core WAL-15-GC2, in contrast, the only 
common green algal palynomorphs below pollen zone III are colonies of the planktonic 
chlorophyte Botryococcus (Figure 2.21).    
 
 
 66 
 
Figure 2.23 Dinophyte algal palynomorph abundance from Walden Pond core (WAL-15-GC2) 
with stratigraphically constrained cluster analysis and Shannon diversity index for both total 
algal palynomorphs and total dinophyte palynomorphs (right). The decreased abundance of 
dinophytes above the charcoal rich sediment layer (identified by stipple pattern) is reflected in 
low SDI values and a major change in the total algal palynomorph stratigraphically constrained 
cluster analysis within zone IIC. 
 
 
2.4 Discussion 
2.4.1 A Tale of Two Meromictic Lakes in Northeastern New England 
In addition to sharing a similar geographic and geologic setting, the high depth to area ratio in 
both Sluice and Walden Pond results in meromictic conditions and hypoxic to anoxic conditions 
in the monimolimnion (see Table 2.1). One major difference between the two lakes is land use 
history, and this anticipated factor led to the development of this study comparing the evolution 
of the algal assemblage in response to different anthropogenic stressors. It was assumed that the 
pre-impact algal assemblages would be very similar in these two small lakes in northeastern 
Massachusetts, but sediments that accumulated in the deep basins of both lakes over the last 
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~1000 years have distinctly different algal palynomorphs assemblages, even prior to human 
impact on their catchments. These can be attributed to natural hydrological differences between 
the two small lakes. 
One difference between the lakes is the proximity to the coast, with Lynn being much closer to 
the Atlantic and the large metropolitan area of Boston than Concord; indicating factors outside 
the Sluice catchment likely have a greater impact to the state of Sluice Pond than the external 
factors affecting Walden Pond. Another natural difference between the two lakes is catchment 
size: the large catchment of Sluice Pond (7.94× greater than Walden Pond – 4.94km2 : 0.622km2) 
yields more runoff than Walden Pond. This is reflected in the greater C/N ratio in Sluice Pond 
(Kielb et al., 2015; Monecke et al., 2018) than in Walden Pond (Köster et al., 2005; Knights, 
2018) even in subzone IA – i.e., before humans impacted the catchments (see Figures 2.1, 2.7, 
2.10). Oligo-mesotrophic, slightly acidic, conditions are also recorded by published siliceous 
microfossil assemblages in other cores from Walden Pond prior to European colonization (see 
Appendix D).  These include a core recovered in 2000 AD from the deep basin referred to as the 
“AD 2000 core” (Köster et al., 2005) and core WAL-3 recovered in 2015 from nearshore portion 
of the shallower middle basin of Walden Pond (Stager et al., 2018) (Figures 2.2, 2.3). There is 
possible evidence of pre-European impact of indigenous agriculture in siliceous microfossil 
records, but this was not identified by Köster et al, (2005), and Stager et al., (2018). The deep 
basins of both meromictic lakes are well-suited to nitrogen-fixing cyanobacteria in the non-
photic monimolimnion layer.  The much greater abundance of cyanophytes in sediments from 
Sluice Pond over the past millennium (see Figure 2.24) is attributed to greater nutrient influx 
and turbidity compared to Walden Pond; allowing the specialized nitrogen fixing cells of 
cyanophytes such as Anabaena to proliferate in the monimolimnion during a lower N:P nutrient 
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balance (Paerl, 1988), while non-nitrogen fixing vegetative cells of cyanophytes bloom in the 
photic zone during higher N:P ratios (Figures 2.16, 2.20, 2.28, 2.30).  
 
Figure 2.24 Total algal palynomorph abundance (concentrations) in sediments from Walden 
Pond (core WAL15-GC2, left) and Sluice Pond (core SP14-KC2, right), and pie charts showing 
relative abundances of groups of primary producers in each subzone, defined from the historic 
and pollen record of land disturbance (see Figures 2.1, 2.8).  Note the difference in scale 
between the two sites, with Sluice Pond showing much larger abundance of algal NPP 
microfossils through time. The Walden Pond charcoal layer is illustrated by a stipple pattern, and 
the Sluice Pond earthquake event is illustrated by the slash pattern. Note the abundance of 
microfossils decrease when excess earth material is introduced into both sites, whether of 
terrigenous or aquatic sources. 
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The richer dinophyte record of Walden Pond may reflect lower turbidity and better light 
penetration (Figures 2.19, 2.23, 2.24). This is consistent with higher concentrations of benthic 
desmids in the core from Walden Pond than Sluice Pond (see Figures 2.18 and 2.22).  Although 
no diatom analyses were performed on sediments from Sluice Pond, the presence of benthic 
diatoms, even in the deep basin of Walden Pond (Stager et al., 2018) is consistent with good light 
penetration and oligotrophic to mesotrophic conditions prior to human influence in the 
catchment.   
Human activity in the catchment of both lakes is recorded since the middle of the last 
millennium, when a slight increase in relative abundance of nonarboreal pollen (NAP) (Figures 
2.1, 2.8, & 2.9) is attributed to land clearing by indigenous people. The Massachusset tribe, for 
instance, are known to have practiced agriculture in the region, and maize, beans, and other 
indigenous crops were adopted by early Pilgrim settlers. Indigenous people in the area practiced 
the burning of shrubs on the forest floor to make travel easier and to get rid of vermin, including 
the burning of vegetation for agriculture to clear land and make more fertile soil. Although the 
indigenous people did burn vegetation, they did not clear or burn vast tracks of land such as 
European colonists (Russel, 1983; Ojibwa, 2012; The Editors of Encyclopedia Britannica, 2013).  
The increase in planktonic colonial phytoplankton, such as Microcystis and Botryococcus spp., at 
the expense of nitrogen fixing cyanophytes such as Anabaena sp. in subzone IB records 
increased nutrient influx to both lakes during the 15th – early 17th centuries (Figures 2.16, 2.17, 
2.20, 2.21). Microcystis spp., for instance, is known to bloom in association with increased 
nutrient flux, particularly in the photic zone of stratified lakes with high N:P ratios (Paerl, 1988., 
Larocque-Tobler & Pla-Rabès, 2015). A slight increase in the ratio of chrysophyte scales to 
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diatom frustules and in relative abundance of the diatom Discostella (Cyclotella) stelligera at the 
expense of Cyclotella bodanica and Tabellaria flocculosa str. IIIp in sediments from Walden 
Pond (see Figures 2.2 and 2.3) is consistent with increased runoff and nutrient influx prior to 
European settlement(Engstrom et al., 1985; Stoermer et al., 1985), but neither Köster et al. 
(2005) nor Stager et al. (2018) noted this.  
  
Larger-scale land clearing by European colonists allowed non-arboreal taxa such as Ambrosia 
(ragweed) and early successional trees such as Betula (birch) to proliferate. Accelerated soil 
erosion increased the rate of sedimentation and changed the geochemical character of lake 
deposits during Zone II. LOI values from Walden Pond (Figure 2.9) and C/N ratios from Sluice 
Pond (Figure 2.1, 2.7) indicate an increase of terrigenous material. Increasing d15N values from 
Walden Pond (Figure 2.9, 2.10) further indicate terrigenous input, likely correlated to human 
waste and livestock. During the onset of zone II (early to mid 17th century), primary production 
and the relative abundance of planktonic taxa continued to increase in both lakes in response to 
this nutrient influx allowing gyttja to accumulate over time; these taxa include cyanophyte 
Microcystis spp. (Figures 2.16, 2.20), chlorophyte Botryococcus spp.(Figures 2.17, 2.21), 
various dinophytes of Peridinium spp. and Fusiperidinium wisconsinense (Figures 2.29, 2.23), 
and the diatom Discostella (Cyclotella) stelligera (see Figures 2.2, 2.3), all of which corroborate 
increasing nutrient flux at both lakes (Engstrom et al., 1985; Stoermer et al., 1985; Jankovská & 
Komárek, 2000; McCarthy et al., 2018). A sharp increase in the ratio of chrysophyte cysts to 
diatom frustules in sediments from Walden Pond in the mid 18th century represents changing 
environmental conditions from nutrient enrichment (Köster et al., 2005). 
The decline in Fusiperidinium wisconsinense, which is known to prefer mesotrophic conditions 
(McCarthy et al., 2018) at the top of subzone IIA in both lakes (especially in Sluice Pond where 
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it was a dominant component of the phytoplankton) is consistent with eutrophication recorded by 
other proxies, as the population of Massachusetts rose to 378, 787 people by 1790 (United States 
Census, 1993). Until the mid-18th century, conditions in Sluice and Walden Ponds appear to have 
been similarly impacted by largely agricultural activities, but Lynn has a long industrial history, 
beginning with tanning and shoemaking around the same time (AD 1635) it was incorporated as 
Saugus (the indigenous name for the area) in AD 1629. Industry expanded, and Lynn became the 
world leader in shoemaking by the end of the 19th C. The population of Lynn began to rise 
rapidly compared to Concord (see Figure 2.6) in the mid-19th century, with the combination of 
urban expansion in the catchment and industrial effluent led to the sharp decline in abundance 
and diversity of algal palynomorphs in subzone IIB of Core SP14, but Walden Pond remained 
relatively pristine, inspiring Henry David Thoreau to retreat from the world to the woods around 
Walden in the mid-19th C. It is thus within subzone IIB that the state of the two lakes began to 
diverge in response to the different scale and type of land use in their catchments, with subzone 
IIB in core WAL-15-GC2 remaining similar to that in subzone IIA –  a slight increase in 
planktonic taxa that were present in zone IIA; cyanophyte Microcystis spp., chlorophyte 
Botryococcus spp., and various Peridinium spp. (P. willei)– while the very low diversity 
assemblage in core SP14-KC1 was almost entirely comprised on cyanophytes, primarily akinetes 
of Anabaeana sp. over the previously abundant Microcystis spp., including the absence of 
previously present dinophyte and chlorophyte taxa.  This reflects harsh conditions in water 
quality from the introduction of heavy metals and increased turbidity in the photic zone, likely 
caused by the introduction of industrial effluence, and excess human waste, allowing nitrogen 
fixing cells of Anabaena sp. to proliferate in the monimolimnion without having to compete for 
resources in the epilimnion.   
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In Zone IIC both sites are receiving very high nutrient flux, indicated by a maximum in non-
arboreal pollen related to land clearing (see Figures 2.1, 2.8). By this time the Fitchburg railroad 
was built and began carrying tourists to Walden, with the excursion park built near the shores of 
Walden being a popular summer attraction. Although Walden Pond began experiencing excess 
summer visitors, the population of Concord was only 5,652 residents in AD 1900 and increased 
to 8,623 by AD 1950. The continued expansion of Lynn was greatest in the early 20th century 
with the population of Lynn increasing from 68,513 in AD 1900 to 102,320 individuals in AD 
1930 (Figure 2.6). This expansion in Lynn, can be seen not only in an increase of non-arboreal 
pollen, but the influx of terrigenous material seen in an increase of magnetic susceptibility and 
decrease in organic carbon and organic nitrogen (see Figure 2.1, 2.7) which correspond to an 
increase in mineral content caused by tree removal for a developing urban landscape. Due to 
excess mineral input, a decreased microfossil abundance would be interpreted during this time. 
Planktonic organisms such as Microcystis spp., Coelastrum reticulatum are abundant in 
relatively low diversity algal palynomorph assemblages in subzone IIC of both cores, indicating 
a rise in N:P ratios from increased human activity at both sites allowing for production to occur 
in the epilimnion by planktonic organisms. As planktonic taxa become increasingly abundant at 
both sites, nitrogen fixing akinetes of Anabaena sp. decline sharply in abundance, providing 
further evidence to nutrient enrichment at this time. Chlorophytes (Acanthosphaera sp., 
Chlororcoccum sp.) increase in abundance toward the top of subzone IIC at both sites further 
corroborating an influx of nutrients to both sites. Increasing organic carbon and d15N  indicate an 
increase in primary production began accelerating in the early 20th century in zone IIC (see 
Figure 2.1, 2.7, 2.9, 2.10) The diatom record from Köster et al., (2005) shows increasing nutrient 
input through time with increasing abundance of Discostella (Cyclotella) stelligera (Engstrom et 
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al., 1985; Stoermer et al., 1985) beginning in zone IIB and increasing into zone IIC (see Figure 
2.2, 2.23) 
Increased tourist activity, including the construction of an amusement park on the shores of 
Walden Pond, led to eutrophication, recorded by blooms of planktonic cyanophyte Microcystis 
spp. and dinophyte Peridinium willei. The presence of the railroad and visitors to the woods of 
Walden allowed for several fires to occur in the late 19th-early 20th century, recorded by 
abundant charcoal in palynological preparations (see Figures 2.11, 2.13) contributed large 
quantities of carbon to Walden Pond, resulting in a strong C/N peak that can be correlated across 
the several basins, including the deep western basin in core AD 2000 from Köster et al., 
(2005)(Figures 2.1, 2.7, 2.19, 2.10). The loss of vegetation from the fires resulted in excess 
terrigenous input bringing nutrients into the lake, which caused a bloom in various eutrophic 
planktonic taxa; Microcystis spp., Botryococcus spp. Nitrogen fixing akinetes of Anabaena sp. 
decline sharply in abundance in the charcoal horizon, likely due to an increase in N:P ratios 
allowing non-nitrogen fixers to proliferate.  Stager et al. (2018) attributed the decline in 
chrysophyte scales of oligotrophic taxa coinciding with an increase in planktonic diatoms in the 
early 20th century to increased nutrient flux.   
Biological oxygen demand resulting from eutrophication caused reducing conditions, leading to 
anoxic bottom waters that are recorded by an increase in d34S and %S values in Walden Pond 
(Figures 2.9, 2.10), and the dark sediment that accumulated in the deep basin of Sluice Pond 
(Figure 2.12) particularly over the past century. This probably stressed benthic taxa such as the 
desmid Cosmarium spp., which declined and was replaced by planktonic Staurastrum spp. from 
zone IIB to IIC, including a decline in Chlorococcum spp. during zone IIC. The shift from 
benthic desmids to an increase in planktonic taxa indicates excess biological oxygen demand in 
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the monimolimnion and decrease in light penetration for benthic taxa likely from waste runoff 
and production of algae in the water column.   
The single biggest change in algal palynomorph assemblages occurred in the 20th century 
(between zone IIC and III) when green algal palynomorphs proliferated in both lakes while 
cyanophytes declined sharply in abundance. It is chlorophytes (planktonic taxa such as 
Acanthosphaera and Botryococcus spp., but primarily the solitary coccal Coelastrum 
reticulatum) that dominate during the Modern/ Post-Industrial Era in Sluice Pond, where 
shoemaking continued until 1981 and other types of industry characterised late 20th century Lynn 
(Figure 2.1, 2.7, 2.17).  Increasing d15N and d13C record increasing primary productivity through 
zone III, and Drljepan (2014) reported > 2000 micrograms/g of total phosphorus (TP) measured 
at the top of a core from the deep basin of Sluice Pond.  Cyanophytes and dinophytes may also 
have been negatively impacted by heavy metal toxicity in Sluice Pond through the 20th century, 
with concentrations of several elements exceeding severe effect levels measured on the lakebed 
in the deep basin (Figure 2.25).  
 
Figure 2.25 Concentrations of select heavy metals in Chem-Core from the deep basin of Sluice 
Pond showing the sharp increase in recent sediments, with several of the heavy metals exceeding 
severe effect levels for aquatic ecosystems (MOE 1993, 2008). Concentrations of total 
phosphorus/ TP also exceed severe effect levels, recording hyper-eutrophic conditions in the 
 75 
upper part of the Ambrosia zone whose base is indicated by the red line. (Modified from 
Drljepan, 2014).  
 
In contrast, charophytes (primarily the desmid taxa Staurastrum and Cosmarium) dominate the 
Modern/ Conservation Era in Walden Pond, where conservation efforts (remediation of 
shoreline/forest erosion) limited nutrient influx and allowed water quality to improve since the 
latter half of the 20th century. The benthic desmid Cosmarium formosulum is the most abundant 
desmid until mid-late 20th century, when the planktonic desmid Staurastrum pentacerum 
becomes more abundant. C. formosulum prefers waters with increased nutrient flux, while S. 
pentacerum prefers clear, deep, larger bodies of water with less nutrient flux, and a higher pH 
(Danesh, pers. comm.). The presence of Parvodinium umbonatum indicates lower nutrient input, 
and clean, clear waters with low turbidity (Oda et al., 2006) which coincides with an increase of 
Staurastrum pentacerum, indicating less nutrient influx and low turbidity since the mid-late 20th 
century.  Köster et al., (2005) report increased chrysophyte cyst to diatom frustules in samples 
from the late 1990’s, indicating less nutrient flux. Although contradictory to this both Köster et 
al., (2005) and Stager et al., (2018) report an increasing ratio of chrysophyte scales to diatom 
frustules, indicating a higher nutrient flux. Köster et al., (2005) reports a summer assemblage 
(Asterionella formosa and Fragillaria (Synedra) spp.) and a spring/autumn assemblage 
(Cyclotella bodanica and Tabellaria flocculosa str. III p.). The summer assemblage is associated 
with increased nutrient flux and the spring/fall assemblage is associated with lower TP, allowing 
them to attribute most modern nutrient influx to summer visitors to Walden Pond (Figures 2.2 
and 2.3). Stager et al. (2018) attribute continued abundance of planktonic diatoms to persistent 
cycling of nutrients resulting from past cultural eutrophication.   
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2.4.2 Algal Palynomorph Signatures of Sudden Onset Events 
2.4.2.1 WAL-15-GC2 - Ice Fort Cove Fire Event AD 1902 
A fire signature is seen between 18.5cm and 17.5cm on Walden Pond that correlates to the Ice 
fort cove fire event of AD 1902. This fire is seen through a spike in macro and micro charcoal 
fragments at 18.5cm downcore. Elemental analysis by Köster et al. (2005) and analysis of WAL-
15-GC2 by Knights (2017) shows a large spike in C/N values at ~12cm and ~18.5cm, 
respectively (see Figures 2.9 & 2.10), which correlates to an increase in terrigenous material. 
Köster et al. (2005) also reports a charcoal rich horizon at the ~12cm interval, which was dated 
to be ~1910 AD, supporting the evidence of increased burning of vegetation around the turn of 
the 20th century. This influx of earth material from loss of vegetation caused an increase in 
productivity, including planktonic chlorophytes; Botryococcus spp., Coelastrum spp., 
Acanthosphaera sp., planktonic charophyte Spirogyra sp., planktonic cyanophyte Microcystis 
sp., and planktonic dinophyte Peridinium willei.  Benthic taxa such as the chlorophyte 
Chlorococcum sp., and charophyte Euastrum spp., could indicate nearshore signature that was 
re-suspended and deposited in the deep basin due to the runoff sediment plume by the fire event. 
Ratios between Botryococcus spp. and Pediastrum spp. record periods of increasing nutrient flux 
or an input of freshwater. Medeanic et al. (2003, 2010) reported increasing abundance of 
Pediastrum spp. with the freshening of a body of water, while Botryococcus spp. were abundant 
when there was less freshwater input and drier conditions present. Bot:Ped ratios will ultimately 
show periods of climatic changes between humid and dry conditions. 
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Figure 2.26 The Bot:Ped (Botryococcus: Pediastrum) ratio in core WAL-15-GC2 illustrates 
periods of increasing nutrient flux related to land clearing in the catchment by indigenous people 
and Europeans, recorded by the increase    in NAP including Ambrosia. The increase in Ped:Bot  
indicates less tree removal coinciding with the conservation that began in the late 20th century. 
 
High Bot:Ped in the WAL-15-GC2 core (Figure 2.30) record colonization by pilgrims via land 
clearing and the fire event of AD 1902, suggesting that turbidity favours the buoyant, lipid-rich 
Botryococcus colonies over Pediastrum coenobia. The lower Bot:Ped ratio above the charcoal-
rich sediments record a decrease in land clearing and burning of vegetation relative to the 19th 
century. A similar trend can be seen with the ratio between non-nitrogen fixing and nitrogen 
fixing cyanobacteria from Walden (Figure 2.31). Non-nitrogen fixing cyanobacteria do not 
utilize N2 for fixation, and instead rely on available nutrients, so this ratio will show periods of 
increasing nutrient flux of terrigenous origin that accompanied the fire event (Figures 2.15, & 
2.26).  
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Figure 2.27 The NNF:NF (non-nitrogen fixing: nitrogen fixing cyanophyte) ratios from the algal 
palynomorphs found in core WAL-15-GC2 illustrate periods of increasing nutrient flux related to 
the land clearing in the catchment by indigenous people. NNF cyanophytes were particularly 
abundant in zone I, prior to substantial anthropogenic impact. The spike in NNF:NF at 18.5cm 
outlines the series of fires on the shores of Walden leading to loss of vegetation, and erosion of 
terrigenous material which increases the nutrient flux to the lake, allowing planktonic organisms 
to bloom.     
 
2.4.2.2 SP14-KC1 – Cape Ann Earthquake Event AD 1755 
 
Algal palynomorphs are useful for delineating both anthropogenic and natural events. The Cape 
Ann Earthquake Event is seen in the sediment record of Sluice Pond; as seen in a number of 
proxies (change in grain size, dry bulk density, nearshore aquatic elements, and visible in CT 
scan of the core) that provide sufficient evidence for an earthquake event (see Figure 2.7). 
Knowing the preferred habitat of algal species and how their palynomorphs respond to 
resuspension is key to interpreting how algal assemblages are influenced by such an event.  
 
A mass wasting event is seen between 32cm to 28cm down core that correlates to the Cape Ann 
earthquake event of AD 1755. Monecke et al. (2018) found that a mass wasting deposit in the 
SP14-KC1 core correlates to an increase in dry bulk density, increase in grain size, a decrease in 
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OC/N ratios, and increase in aquatic shoreline components that correlate to the swash event 
caused by the earthquake (see Figure 2.1, 2.7). This swash event re-suspended and deposited 
nearshore material from the steep slopes of the lake into the deep basin of Sluice Pond. Most 
NPP that were abundant prior to this event exhibit low abundance during the earthquake, due to 
an influx of sediment that would outweigh the amount of primary productivity and making the 
microfossil assemblage look less abundant. A small spike in planktonic taxa such as Anabaena 
sp., Peridinium volzii, Pediastrum spp., Botryococcus spp., and Spirogyra sp. indicate 
resuspension of nutrients from lake sediment as planktonic species capture light in the photic 
zone with the swash action not inhibiting planktonic growth. Benthic desmids, Cosmarium spp. 
and Euastrum spp. could be an indicator of nearshore elements that were re-suspended and 
deposited into the deep basin. Bot:Ped ratios in Sluice Pond correlate with the earthquake event 
(see Figure 2.32), with less response from terrigenous input and more from an aquatic signature.  
 
 
Figure 2.28 The Bot:Ped (Botryococcus: Pediastrum) and Ped:Bot ratios from the algal 
palynomorphs found in core SP14-KC1 illustrate periods of sudden nutrient flux related to the 
seismic activity and urbanization in the catchment. The spike of Bot:Ped ratio that coincides with 
the Cape Ann earthquake event as seiche activity would re-suspend sediment, providing nutrients 
for eutrophic planktonic organisms. The increase of Bot:Ped ratio in the upper 10cm is related to 
cultural eutrophication from increased development in the catchment. 
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The spike in Bot:Ped ratio sediments dated to the late 20th century in SP14–KC1 could be an 
indicator of not only increasing nutrient flux, but increasing salinity, due to increasing road salt 
pollution that began in the early 1940’s (Kelly et al., 2010). NNF:NF ratios follow this same 
trend and correlate with more terrigenous input, as indicated by the drop ~30cm due to re-
suspension of earth material from aquatic origin (see Figure 2.33).  
 
Figure 2.29 The NNF:NF (non-nitrogen fixing: nitrogen fixing cyanophyte) ratios from the algal 
palynomorphs found in core SP14-KC1 illustrate mas wasting related to the seismic activity and 
urbanization in the catchment. Benthic akinetes of NF cyanophytes spike in relation to the Cape 
Ann earthquake event, indicating mass wasting of sediment and microfossils from the steep 
slopes of Sluice Pond into the deep basin. The increase of NNF cells in the upper 20cm is related 
to the cultural eutrophication of Sluice Pond since the early 20th century.  
 
 
2.4.2.3 Rise of the Green Algae in Modern Sediments 
 
The different types of land use and human activities within the lakes respective watersheds were 
initially hypothesized to be the driving factor behind two different NPP assemblages dominated 
by different green algae. Constrained cluster analysis (Figures 2.14 and 2.15) from both sites 
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reveal that the changes in land use were not the driving stressor behind green algal domination, 
but it does influence the algal assemblages.  
Walden Pond receives a large influx of summer visitors to its shores, and with that comes excess 
nitrogen and phosphorus from the waste of swimmers. Elemental analysis from Knights (2017) 
and Köster et al., (2005) (see Figures 2.10, 2.11) report a sharp increase in δ15N which is likely 
due to human waste. Köster et al. (2005) also report that during summer months, visitors increase 
the nutrient load of phosphorus and nitrogen by 27% and 64%, respectively. Vegetative cells of 
Nostoc spp. are relatively common in modern sediments, compared to the nitrogen fixing 
akinetes and heterocysts of Anabaena spp., however cyanobacteria are rare in sediments assigned 
to zone III. Instead, green algae (primarily desmid) dominate, at least in part due to conservation 
efforts- the presence of benthic desmid taxa, for instance, reflect a decrease in turbidity. Nitella 
growth is a major component of lake clarity (Colman & Friesz, 2001; Köster et al., 2005).  
Direct runoff from the highly urbanized Sluice Pond catchment has made the site hypereutrophic, 
and although the lake is largely recreational, it has a long history of impact by heavy industry. 
Some taxa thrive, primarily the planktonic chlorophyte Coelastrum reticulatum, but it is 
surprising that non nitrogen-fixing cyanobacteria Microcystis spp. are not more common. 
McCarthy et al. (2017) report an elemental analysis on core-top sediments from Sluice Pond that 
contained elevated heavy metal concentrations of various metals, one of which was copper (see 
Figure 2.27). Iannacone & Touchette (2008) report that the application of algaecides containing 
copper and the application of copper to have limited cyanobacterial growth (Anabaena sp., 
Microcystis sp.) and allowed the growth of green algae, both charophyte desmids (Staurastrum 
sp.) and chlorophytes. The dramatic decrease in cyanophytes such as Anabaena spp. in zone IIC 
near the only spike in the desmid Staurastrum further support the positive effect of copper on 
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green algal productivity while limiting cyanobacterial growth. Conversely, metal transportation 
from the sediment water interface from an anoxic hypolimnion allows for phosphorus 
mobilization into the water column, further increasing productivity, causing a feedback loop 
explaining the “runaway” eutrophication that Sluice Pond experiences. 
Possibly the most important aspect to come out of this study is the rise of the green algae since 
the mid- 20th century at both sites, although the types of green algae appear to reflect the 
different settings and land-se histories.  The increase in atmospheric CO2 by the burning of fossil 
fuels has been reported to widespread shifts in algal assemblages from cyanophyte to green algal 
dominance (Shapiro, 1973; Shapiro, 1990; Caraco and Miller, 1998; Low-Décarie et al., 2011, 
2015). This will be the focus of Chapter 3. 
 
2.5 Conclusion 
 
Using algal palynomorphs as a tool for paleo-reconstruction combined with other proxies shows 
how natural and anthropogenic events will force change within a catchment. Cultural 
eutrophication is a major concern for freshwater environments, but it is important to distinguish 
anthropogenic activities from natural baseline conditions. Comparing and contrasting the 
differences between the two physically similar lakes with similar histories prior to human impact 
allows for a better understanding of how the algal assemblages were altered with the surrounding 
catchment. By combining NPP data with other paleo proxies, the delineation of subzones 
allowed for a correlation between palynological assemblages, the changes that take place within 
a catchment, and the resultant effect on lake quality. In addition to cultural eutrophication and 
turbidity, natural events such as fires and earthquakes are identifiable with the use of including 
NPP with other paleo proxies. 
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Catchment size is the significant physical difference between the two sites, with the catchment 
size ratio of Sluice Pond to Walden Pond is approximately 8:1. Sluice Pond would have naturally 
received a higher nutrient flux, so it mesotrophic/eutrophic before the arrival of Europeans, 
although there is distinct change in the hypereutrophic modern assemblage.  Due to the urban 
setting of Sluice Pond, the site receives more direct runoff due to impervious land coverage. The 
current state of Sluice Pond seems better today than during Lynn’s industrial boom but the 
presence of Microcystis spp. is of concern because of possible toxicity. The conservation that has 
taken place at Walden Pond has had a positive impact on the lake and certain desmid and 
dinoflagellate taxa indicate increasing health in water quality since the early to mid 20th century. 
Today, Walden Pond is under stress from several factors, including anthropogenic nutrient input, 
rising surface temperature, and nutrient loading lake sediment (Stager et al., 2018) but Nitella 
growth around the lake oxygenates nearshore waters and acts as a buffer to filter and uptake 
excess nutrients and maintain water clarity. The current state of Walden Pond is clearly different 
from what Thoreau described in the mid 19th century.  
Possibly the most important aspect to come out of this study is the unexpected reversal of algal 
assemblage at both sites since the arrival of Europeans. Both sites shift towards a green algal 
dominated assemblage, although chlorophytes (such as Coelastrum reticulatum) dominate Sluice 
Pond and charophyte desmids are abundant in (mainly Cosmarium and Staurastrum spp.) 
Walden Pond. This unanticipated “Rise of the Green Algae” is a combination of many factors 
and stressors including anthropogenic nutrient input, conservation, and most importantly the 
burning of fossil fuels releasing CO2. It is recommended that future freshwater research using a 
multi-proxy analysis include the use of algal palynomorphs such as green algae, including 
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cyanobacteria, as these are one of the most useful tools for paleoenvironmental reconstruction in 
an anthropogenically driven future. 
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Chapter 3 : The Rise of Green Algae in Two Northeastern New England 
Lakes 
 
 
Abstract  
Sediments deposited in the deep, anoxic basis of two small lakes in northeastern Massachusetts 
since the mid-20th century contain abundant green algal palynomorphs.  In both Sluice Pond (an 
urban lake in the industrial city of Lynn) and Walden Pond (a designated National Historic 
Landmark protected by the Massachusetts Department of Conservation and Recreation) 
assemblages had previously been dominated by vegetative cells and akinetes of cyanobacteria. 
The transition from a dominance of cyanobacterial to green algal palynomorphs appears to be a 
common observation in lake ecosystems world-wide. This change in phytoplankton community 
composition has been widely attributed to the physiological characteristics of green algae- 
specifically chlorophytes- that are less efficient at concentrating CO2 than cyanobacteria or 
diatoms. Because rapidly increasing atmospheric CO2 concentrations since the mid 20th century 
allowed these green algae to thrive, the ratio of cyanobacteria vs. chlorophytes in palynological 
preparations may be a useful microfossil proxy of the Great Acceleration, and thus a marker for 
the base of the Anthropocene Series/ beginning of the Anthropocene Epoch whose primary 
marker is nuclear fallout associated with the end of World War II.  
Differences in green algal palynomorph associations in the hypereutrophic Sluice and the 
mesotrophic Walden Ponds can be attributed to the synergistic effects of nutrient addition as well 
as elevated CO2 on phytoplankton growth and community composition.  Algal palynomorph 
concentrations in ‘Anthropocene’ sediments from Sluice Pond exceed 100,000 cells/ ml 
sediment, and the solitary coccal chlorophyte Coelastrum reticulatum strongly dominates (63% 
of the total algal palynomorph assemblage).  Concentrations of algal palynomorphs are an order 
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of magnitude lower over the same interval in the mesotrophic Walden Pond, and assemblage is 
relatively rich in half-cells of placoderm desmids together with a relatively diverse assemblage 
of coccal chlorophytes. Conservation over the last 50 years are evident in increased water clarity 
recorded by the abundance of benthic desmids in the deep basin of Walden Pond, and in the 
decline in abundance of non-nitrogen fixing cyanobacteria, such as Microcystis, relative to 
nitrogen fixers (e.g. Anabaena). 
 
3.1 The Fossil Record of Green Algae and Cyanobacteria 
Algal palynomorphs in the broadest sense, i.e., including the cells and akinetes of cyanobacteria 
(“blue-green algae”) in addition to the vegetative, reproductive and resting cells of eukaryotic 
green algae (chlorophytes and charophytes) and dinoflagellates, are common ‘extrafossils in 
pollen slides’ (Haas, 2010).  As Dr. Bas van Geel wrote, “NPP deserve our attention!” (van Geel, 
2001), but they remain underutilized Quaternary paleolimnological studies, even though the 
presence of distinctive palynomorphs, such as Pediastrum, is sometimes mentioned by pollen 
analysts.  
A wide variety of green algae produce skeletal and reproductive structures composed of a highly 
resistant class of biopolymer referred to as algaenan (Kodner et al., 2009) but some are destroyed 
by acetolysis, a routine oxidation procedure in most protocols for macerating lacustrine 
sediments (Riddick et al., 2016).  The fossil record of core chlorophytes and charophytes is 
evidence of freshwater environments (Figure 3.1), and the acid-resistant remains of these green 
algae have been useful in sea level studies (e.g., Garel et al. 2013) or to identity freshwater 
runoff (Matthiessen et al., 2000; Sorrel et al., 2006; Medeanic et al., 2010; Diniz and Medeanic, 
2013)). Several studies have used them to reconstruct water depth, salinity, temperature, pH, and 
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nutrient status of aquatic paleoenvironments (Jankovská and Komárek, 2000; Komárek and 
Jankovská, 2001).  
 
Figure 3.1 Geologic range of primary producers in freshwater environments – the prokaryotic 
cyanophytes, the chlorophyll b- hosting green algae (chlorophytes and charophytes- the “green 
lineage”) that appear to have originated in freshwater environments, and the chlorophyll c- 
bearing “red lineage” that adapted to freshwater from marine environments much later in 
geologic history. Modified after Martin-Closas (2003).  
 
Green algae is an informal term that refers to the divisions Chlorophyta and Charophyta, that 
together with embryophytes (land plants) constitute the Clade Viridiplantae Cavalier Smith, 1981 
(Figure 3.2). This “green lineage” (Lewis and McCourt, 2004; Leliaert et al., 2012) is united by 
chlorophyll b (the apomorphy that defines the clade and differentiates it from the other 
archaeplastids). It has a long microfossil history, and many acritarchs have coccal morphologies 
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that resemble chlorophytes.  Three-dimensional clusters of coccoid cells in phosphatic nodules in 
the 1200 to 900 Ma Torridonian succession of Scotland that has chemical and physical properties 
consistent with a lacustrine environment have been proposed to have chlorophyte affinity 
(Battison and Brasier, 2012; Brasier, 2013). The phylogenetic analysis of Blank (2013) suggests 
that the clade Viridiplantae (chlorophytes, charophytes + embryophytes/ land plants) and the 
other major archaeplastid clades (Glaucophyta and Rhodophyta) diversified from the common 
ancestor to the photosynthetic eukaryotes during the late Paleoproterozoic (Table 3.1).  Blank’s 
analysis supports the hypothesis that the rise of plastids occurred in freshwater bodies inhabited 
by microbial mats and biofilms (Ponce-Toledo et al., 2017).   
 
 
Figure 3.2 An ancestral green flagellate (AFG) is hypothesized to have given rise to the clade 
Viridiplantae, which is united by the possession of chlorophyll b in addition to chlorophyll a.  
Land plants (embryophytes) evolved from charophyte ancestors by the Ordovician (Wellman, 
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2004) but the streptophytes are thought to have diverged from the chlorophytes during the 
Neoproterozoic, based on molecular clock estimates (see Table 3.1). From Leliaert et al. (2012).  
 
 
Table 3.1 Age constraints and estimated node ages for key archaeplastid lineages (see Blank, 
2013 for sources). FW- fresh water, M -marine; T- terrestrial.  
Node/Clade Age 
(Ga)  
Era Modern 
Ecology 
Plastid ancestor  2.0–2.3 Paleoproterozoic – 
      Glaucophyta 1.7–2.0 Paleoproterozoic FW* 
      Rhodophyta  1.4–1.5 Mesoproterozoic M; rare FW 
      Viridiplantae  1.6–1.7 Paleoproterozoic FW; T; rare M 
            Prasinophyceae  1.2–1.5 Mesoproterozoic M; rare FW 
            Chlorophyceae  1.1–1.4 Mesoproterozoic FW; rare M, T 
            Ulvophyceae 0.9–1.0 Neoproterozoic M; rare FW 
            Zygnemataceae 0.6–0.8 Neoproterozoic FW; rare M, T 
            Vascular Plants  0.5 Phanerozoic T; rare FW, M 
                Gymnosperms  0.3–0.4 Phanerozoic T 
                Angiosperms   0.2 Phanerozoic T; rare FW, M 
 
The Division Chlorophyta includes marine taxa (mainly the prasinophytes and the multicellular 
ulvophytes/ sea lettuce) but most core chlorophytes are unicellular freshwater algae, mainly the 
classes  Trebouxiaceae and Chlorophyceae (Table 3.2; Nakada & Nozaki, 2015; Shubert & 
Gärtner, 2015; John & Rindi, 2015; Hall & McCourt, 2015).  Nonmotile coccoid and colonial 
chlorophytes are nearly ubiquitous in freshwater environments, with green “pond scum” 
common on the surfaces of eutrophic lakes and ponds. They are also called “green weeds” 
reflecting how easily some taxa can be cultured, notably the Race B strain of Botryococcus 
braunii that can accumulate up to 86% of dry weight botryococcenes and methylsqualenes which 
can be readily converted to biofuels (Browitzka, 2018).  The alternation of generations is 
recorded by the preservation of both vegetative cells and resting cells that survive maceration – 
rarely, both stages of the life cycle of the same alga have been reported from the same sediments, 
as in the case of the prasinophyte Tasmanites from Jurassic strata (Guy-Ohlson, 1988). Tappan 
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(1980) reported palynomorphs nearly identical to Botryococcus in Proterozoic rocks from the 
Czech Republic, and the solitary chlorophyte Tetraëdron has been reported from the Upper 
Mississippian Barnett Shale of Texas, where it was associated with Botryococcus cf. B. braunii 
(Schwab et al. 2011a), and several prasinophyceans and possible chlorophyceans have been 
reported from the in the Devonian Rhynie Chert Lagerstätte. Distinctive coenobia (colonies with 
fixed numbers of cells) of chlorophytes like Pediastrum and Scenedesmus have been reported 
from strata of Early Cretaceous to Recent age where their presence suggests freshwater influence 
(Batten and Lister, 1988a,b; Zippi, 1998; Richter and Baszio, 2001).  
Table 3.2 Simplified taxonomy to genus of common green algae represented in the Holocene 
palynological records of eastern North American lakes  
Class Order Family Representative 
Genus 
Division: Chlorophyta Reichenbach, 1834 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen, 1877 
Hydrodictyaceae 
Dumortier, 1829  
Pediastrum 
 Meyen, 1829 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen, 1877 
Hydrodictyaceae 
Dumortier, 1829 
Tetraëdron 
Kützing, 1845 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen 1877 
Scenedesmaceae 
Oltmanns, 1904 
Coelastrum 
Nägeli, 1849 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen 1877 
Scenedesmaceae 
Oltmanns, 1904 
Scenedesmus 
Meyen, 1829 
Chlorophyceae 
Wille in Warming, 
1884 
Sphaeropleales 
Luerssen 1877 
Scenedesmaceae 
Oltmanns, 1904 
Desmodesmus 
(Chodat) An, 
Friedl & 
Hegewald, 1999 
Chlorophyceae 
Wille in Warming, 
1884 
Chlamydomonadales 
Fritsch in West & 
Fritsch 1927 
Chlorococcaceae 
Blackman & 
Tansley, 1902 
Chlorococcum 
Meneghini, 
1842 
Trebouxiophyceae 
Friedl, 1995 
Trebouxiales Friedl, 
1995 
Botryococcaceae 
Wille, 1909 
Botryococcus 
Kützing, 1849 
 99 
Trebouxiophyceae 
Friedl 1995 
Chlorellales Bold & 
M.J.Wynne, 1985 
Chlorellaceae 
Brunnthaler, 1913 
Acanthosphaera 
Lemmermann, 
1899 
Division: Charophyta E.Möhn, 1984 
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Desmidiales  
CE Bessey, 1907 
Desmidiaceae Ralfs, 
1848 
Cosmarium 
Corda ex Ralfs, 
1848   
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Desmidiales  
CE Bessey, 1907 
Desmidiaceae Ralfs, 
1848 
Euastrum 
Ehrenberg ex 
Ralfs, 1848   
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Desmidiales  
CE Bessey, 1907 
Desmidiaceae Ralfs, 
1848 
Staurastrum  
Meyen ex Ralfs, 
1848   
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Zygnematales 
Bessey, 1907 
Zygnemataceae 
Kützing, 1843 
Spirogyra Link, 
1820 
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Zygnematales 
Bessey, 1907 
Zygnemataceae 
Kützing, 1843 
Zygnema 
Agardh, 1817 
Zygnematophyceae 
(Conjugatophyceae) 
Round, 1971 
Zygnematales 
Bessey, 1907 
Zygnemataceae 
Kützing, 1843 
Mougeotia 
Agardh, 1824 
 
The division Charophyta consists almost exclusively of freshwater taxa with diverse 
morphologies, including unicellular, conjugated half-cells (desmids), and filamentous algae 
(including the relatively well-known genera Spirogyra and Zygnema) that are assigned to the 
class Zygnematophyceae (Table 3.2), as well as the multicellular class Charophyceae – the 
stoneworts that are common in nearshore environments of many lakes and ponds (John & Rindi, 
2015).  A variety of cell types produced by some filamentous forms (including akinetes) (van 
Geel, 2001), and the half-cells of placoderm desmids (order Desmidiales) that are connected via 
an isthmus (Hall & McCourt, 2015; Wehr et al., 2015) are also commonly found in palynological 
preparations of freshwater sediments that have not been acetolysed (Riddick et al., 2016). 
Vegetative half-cells of placoderm desmids are rarely reported in pre-Quaternary sediments, 
although Schwab et al. (2011b) reported the remains of desmid-like algae associated with high 
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concentrations of Botryococcus braunii in palynological preparations of the Cretaceous Lower 
Eagle Ford Shale (Schwab et al. 2011b) as well as from the Upper Mississippian Barnett Shale 
(Schwab et al. 2011a). Several palynomorphs with probable zygnematacean affinity are known 
from non-marine sediments as old as Devonian, e.g. the Spirogyra-like Brazilea, the Mougeotia-
like Tetraporina, and the Zygnema-like Lacunalites, and they are relatively common in 
sediments of Cretaceous – Recent age (Head et al., 1992; van Geel, 2001; Worobiec, 2014).  
Many acritarchs may be the remains of parts of Zygnematacean life cycles (Martin-Closas, 
2003); Moczydlowska et al. (2011), for instance, note the similarity between 
Trachyhistrichosphaerida vidalii (ca. 950 Ma) and reproductive cysts of modern zygnematacean 
algae.  
Endosymbiosis between a cyanobacterium (probably closely related to N2-fixing filamentous 
cyanobacteria; Ochoa et al., 2014) and a larger prokaryote (Bhattacharya and Medlin, 1998; 
Yoon, 2004) is thought to have given rise to the plastid ancestor that unites the clade 
Archaeplastida (see Figure 1.3).  Recent phylogenetic evidence suggests that the freshwater 
Gloeomargarita lineage could represent the closest living relative to the eukaryotic plastid 
ancestor (Betts et al., 2018). Cyanophytes have been photosynthesizing since the Archean and 
are speculated to have played an important role in the oxygenation of the Earth’s atmosphere, 
allowing eukaryotes (obligate aerobes) to evolve during the Paleoproterozoic (Schirrmeister et 
al., 2015; Ward et al., 2016). The inferred diversification of cyanobacteria into marine settings 
during the Neoproterozoic from their continental origin (Blank, 2013) suggests that increased 
ocean and atmosphere oxygenation between 541 and 1000 Ma was in response to the 
diversification of photosynthetic eukaryotes (Ponce-Toledo et al., 2017).   
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The remains of cyanophytes continue to be found in palynological preparations of modern 
sediments from freshwater environments, and in a broad sense these non-pollen palynomorphs 
(NPP) can be considered algal palynomorphs.  Incorporating them in paleolimnological studies is 
particularly important, given the important role that picoplankton are known to play in both 
freshwater and marine ecosystems where these minute plankton comprise a significant portion of 
the total biomass of phytoplankton communities (Callieri and Stockner, 2002). 
The most ubiquitous and widespread freshwater cyanobacteria (class Cyanophyceae) belong to 
the orders Nostocales, Chroococcales, Oscillatoriales, and Synechococcales. Both nitrogen fixing 
(NF) and non-nitrogen fixing (NNF) cyanophyte taxa leave a palynological record in lake 
sediment that allow past water quality conditions to be reconstructed. Their ability to survive in a 
range of conditions and producing specialized cells depending on the water quality conditions is 
especially of value to paleolimnologists, but their remains in palynological preparations are 
generally ignored as background organic matter. Some NPP analysts have used cyanobacterial 
palynomorphs as paleoenvironmental proxies, particularly of cultural eutrophication (e.g., van 
Geel et al., 1994; Hillbrand et al., 2014). In these studies, cyanobacteria were observed to 
alternate with green algae as dominant primary producers in lacustrine ecosystems (see Figures 
1.5 and 3.3). Interpreting the data requires an understanding the ecology of NF and NNF 
cyanobacteria relative to the common palynomorph-producing green algae.  
NF cyanobacteria (including the filamentous Anabaena and Nostoc types of the order 
Nostocales) produce vegetative cells that fix carbon dioxide and photosynthesize in warm, 
nutrient-rich waters. Under adverse conditions (e.g., low light levels, low nutrient availability, 
low temperatures), vegetative cells can develop into specialized thick-walled cells: 1) heterocytes 
(or heterocysts) that are responsible for the fixation of N2 gas under anoxic/ hypoxic conditions, 
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but lack the enzyme used to photosynthetically capture CO2, and 2) spore-like akinetes that act as 
a resting stage and are able to survive during unfavourable conditions, including desiccation 
(Flores and Herrero, 2010; Komárek and Johansen, 2015; Yema et al., 2018).  NNF 
cyanobacteria produce vegetative cells in the form of solitary, coccoid cells or plate-like colonies 
that vary in size, often enclosed in mucilage (Bellinger and Sigee, 2010; Komárek and Johansen, 
2015). The most common and widespread taxon found in palynological preparations is 
Microcystis, a non-filamentous colonial coccoid genus belonging to the order Chroococcales.  
The ecological factors that influence the growth of NNF cyanophytes such as Microcystis spp. 
are nutrient availability, temperature, low turbulence, and high irradiance (Komárek and 
Johansen, 2015).  
3.2 Algal Palynomorphs as Proxies of Anthropogenic Impact 
Because these primary producers respond quickly to the influx of nutrients and increased 
turbidity that accompany land use in catchments, algal palynomorphs (sensu lato, including 
vegetative cells and akinetes of cyanobacteria) are useful proxies of cultural eutrophication, with 
applications for archeological or biomonitoring studies (van Geel et al., 1994; Hillbrand et al., 
2014).  The abundance of akinetes of Aphinizomenon and Anabaena deposited in laminated 
sediments of Lake Gosciaz, Poland (Figure 3.3) was attributed to anthropogenic introduction of 
phosphorus (typically the main limiting nutrient in freshwater ecosystems- see Schindler, 1974). 
Van Geel et al. (1994) interpreted the blooms of these nitrogen-fixing cyanobacteria to the 
phosphorus saturation of the lake, making in nitrogen-limited at times during the last 
millennium. They attributed a sharp increase in abundance of planktonic chlorophycean, 
trebouxiacean, and zygnematacean green algae at the expense of cyanobacteria to increased 
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eutrophication and turbidity during the 20th century, resulting in a decline in light for the energy 
consuming process of nitrogen fixation.  
 
 
Figure 3.3 Summary diagram of pollen (left) and non-pollen palynomorphs (cyanophytes and 
chlorophytes, right) in core G1/87 from Lake Gosciaz, Poland. Note the shift from nitrogen 
fixing taxa (Aphanizomenon, Anabaena) to planktonic chlorophycean (Pediastrum, Tetraedron, 
Coelastrum, Scenedesmus) and trebouxiacean (Botryococcus) chlorophytes since the beginning 
of the 20th century. The zygnematacean charophytes Spirogyra and Staurastrum also increased 
in abundance since ca. 1900 AD. Modified from van Geel et al, (1994). 
 
Similarly, Volik et al. (2016) identified an increase in green algae – mainly meso-eutrophic to 
eutrophic planktonic desmids and Botryococcus braunii – in sediments deposited in the main 
basin of Lake Simcoe, Canada since the mid- 20th century (Figure 3.4), and a core from Smith’s 
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Bay in northern Lake Simcoe was strongly dominated by meso-eutrophic to eutrophic planktonic 
desmids (Riddick et al. 2016).  
 
Figure 3.4 Botryococcus colonies, Pediastrum coenobia (particularly the eutrophic P. boryanum 
var. boryanum) and half-cells of planktonic meso-eutrophic and eutrophic desmids are abundant 
in the upper 15 cm of this core from the main basin of Lake Simcoe, replacing dinoflagellate 
cysts as the dominant algal palynomorphs. The increase in abundance of lorica of the tintinnid 
Codonella cratera suggest that these green algae are its preferred food source. Modified from 
Volik et al. (2016). 
 
Similar observations were made in the upper parts of cores from Sluice Pond and Walden Pond, 
two small meromictic lakes in northeastern New England, with very different land use histories 
since the mid-19th century (Figures 3.5, 3.6).  Sediments deposited since the mid-20th century in 
they hypereutrophic Sluice Pond are strongly dominated by chlorophytes, while the mesotrophic 
Walden Pond in a conservation area is rich in charophytes- notably desmids (see Chapter 2). In 
both lakes, however, green algal palynomorphs replaced the previous algal palynomorph 
assemblage dominated by cyanobacteria (with dinoflagellate cysts subdominant in sediments 
from Walden Pond). This paper examines the phenomenon of the ‘rise of the greens’ in response 
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to increasing concentrations of greenhouse gases and warmer temperatures, irrespective of the 
trophic status of lakes, and explores the possibility that this palynological marker could be useful 
to mark the beginning of the Anthropocene Epoch as proposed by Waters et al. (2015, 2016). 
 
Figure 3.5 Relative abundance of all algal palynomorphs in core SP14-KC1, with major algal 
assemblage changes identified using stratigraphically constrained cluster analysis (as seen with 
the horizontal dashed lines, ranked in order of greatest change). The first and third highest 
magnitude changes occurred during the 20th century and the 1755 earthquake (identified by hatch 
pattern) is bounded by the second and fourth greatest changes in algal palynomorph assemblage.  
Diversity (measured using the Shannon Diversity Index/ SDI) remained high in this naturally 
mesotrophic lake until the mid-19th-early 20th century, coinciding with the peak in land clearing 
recorded by Ambrosia pollen and the first appearance of abundant soot particles recording 
industrial activity. See Chapter 2 for details of the age model and algal palynomorph 
distributions and statistical analyses of the data. 
 
Figure 3.6 Relative abundance of all algal palynomorphs in core WAL15-GC2. Stratigraphically 
constrained cluster analysis identifies major algal assemblage changes associated with (measured 
by SDI, as seen with the horizontal dash lines, ranked in order of greatest change) the 
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conservation that began in the late 20th century ( zone III, rank 1),  the spike in charcoal and C/N 
ratio correlating with fires in the catchment of Walden Pond (highlighted by stippling in zone 
IIC, bracketed by rank 2 and 4), and probable presence of indigenous farming prior to European 
colonization (zone IA and IB, rank 3). See Chapter 2 for details of the age model and algal 
palynomorph distributions and statistical analyses of the data.  
 
 
3.3 Methods 
Sediment cores were obtained by J. B. Hubeny: core SP14-KC1 from the deep basin of Sluice 
Pond in 2014 using a Kullenberg-type gravity piston coring instrument, and core WAL-15-GC2 
core from the western deep basin of Walden in 2015 using a gravity corer.  Subsamples of 2.5ml 
volume were processed at Brock University for palynomorphs using standard maceration 
techniques for Quaternary sediments, modified to avoid harsh bases and oxidants that negatively 
impact some NPP (Riddick et al., 2016), and spiking with a tablet containing a known quantity 
of Lycopodium clavatum spores in order to calculate absolute abundances (concentrations) 
(Stockmarr, 1971). Residues were sieved using a 10μm mesh sieve to remove clays and fine 
amorphous organic master (AOM) and mounted on glass slides using a glycerin jelly mounting 
medium. Details regarding field and lab sampling and processing methods can be found in 
Chapter 2.  
Non-pollen palynomorphs were analysed using a Leitz Wetzlar Orthoplan microscope at 400× 
magnification. Because there is no definitive resource dealing with the acid-resistant remains of 
freshwater algae, many sources were used to identify these microfossils, including Komárek & 
Jankovská (2000), Wehr & Sheath (2015), Bellinger & Sigee (2015), and online resources 
(Algalweb.ne, Digicodes.info, Galerie.sinicearasy.cz, Protist Information Server). Representative 
palynomorphs and how each species was counted/quantified are illustrated in photomicrographs 
in Appendix C, table C.1. Each sample was counted to 50 Lycopodium clavatum marker spores 
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in an effort the standardize the sampling effort, and absolute abundances (concentrations) were 
estimated using these marker spores (Swain, 1973, Cwynar, 1978, Clark, 1982). Concentrations 
and raw counts can be found in Appendix A.  
A stratigraphically constrained cluster analysis of non–pollen palynomorph data was performed 
with PAST version 3.22 (Hammer et al., 2001), using the “paired group” algorithm along with 
the “Bray-Curtis” similarity index. Shannon Diversity Index (SDI) was calculated (Shannon & 
Weaver, 1949). 
 
 
3.4 Results 
The most significant change in algal palynomorph assemblages identified by constrained cluster 
analysis in both cores SP14-KC1 and WAL15-GC2 occurred during the 20th century, 
establishing zone III that is dominated by green algae.  This zone in the core from Sluice Pond is 
characterised by abundant chlorophytes (primarily solitary coccal chlorophycean Coelastrum 
reticulatum) while the core in Walden Pond contains much lower concentrations of algal 
palynomorphs, and the green algal palynomorphs are dominated by placoderm desmids 
(charophytes), but also contain a relatively diverse assemblage of coccal chlorophycean. Another 
difference between zone III in the two cores is in algal palynomorph diversity (SDI in Figures 
2.14 and 2.15), which is much higher in Walden Pond that Sluice Pond in sediments deposited 
since the mid- 20th century – and higher in zone III of Walden Pond than in zones I and II, 
whereas SDI is lower in zone III of Sluice Pond than in  lower in the core, except in sediments 
attributed by Monecke et al. (2018) to the 1755 Cape Ann Earthquake (Figure 3.7). 
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Figure 3.7 Total algal palynomorph abundance (concentrations) in sediments from Walden Pond 
(core WAL15-GC2, left) and Sluice Pond (core SP14-KC2, right), and pie charts showing 
relative abundances of groups of primary producers in each subzone, defined from the historic 
and pollen record of land disturbance (see Figures 2.1, 2.8).  Note the difference in scale 
between the two sites, with Sluice Pond showing much larger abundance of algal NPP 
microfossils through time. The stipple pattern highlights abundant charcoal in sediments from 
Walden Pond, and the unit attributed to the 1755 Cape Ann earthquake is illustrated by the slash 
pattern.  
 
 
In both cores SP14-KC1 and WAL15-GC2, however, the green algal palynomorphs replace the 
acid-resistant remains of primary producers that has dominated zones I and II – cyanobacterial 
akinetes and vegetative cells (together with dinoflagellate cysts in Walden Pond).  The 
simultaneous transition from cyanobacterial to green algal palynomorphs in the mid-20th century 
is illustrated in Figure 3.8. Cyanobacterial palynomorph assemblages change through the core, 
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with the most prominent change being the alternation between nitrogen fixing and non-nitrogen 
fixing taxa (Figures 3.9, 3.10), largely correlating with major land-use driven limnological 
changes recorded by sediment geochemistry and phytoplankton communities (see Chapter 2) 
 
 
 
Figure 3.8 The ratio of green algal palynomorphs vs. cyanobacteria increased dramatically in 
both cores SP14-KC1 and WAL15-GC2 in the mid- 20th century, well after major land clearing 
and development occurred in the watersheds of Sluice and Walden Ponds, recorded by charcoal 
and soot (as well as non arboreal pollen- see Figures 3.9 and 3.10) in the same palynological 
preparations. Details of the very different assemblages in sediments deposited in the last 70 years 
in the hypereutrophic urban Sluice Pond and mesotrophic Walden Pond protected by the 
Massachusetts Department of Conservation and Recreation can be found in Chapter 2, but 
charophytes and, especially, core chlorophytes have been observed to increase at the expense of 
other primary producers in lake sediments in several lakes worldwide. 
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Figure 3.9 The ratio of nitrogen fixing: non-nitrogen fixing cyanobacteria (NF:NNF) and 
sediment geochemistry in core SP14-KC1 (age model described in Chapter 2). NF:NNF was 
high between the late 18th century and early 20th century, paralleling the increase in Ambrosia 
and other non-arboreal pollen (NAP) that record land-clearing. Note that the shifts in this ratio 
correlate with the major algal palynomorph assemblage changes identified by cluster analysis 
(see Figure 3.6), suggesting reorganizations in lacustrine food webs associated with changes in 
available nutrients. Non-nitrogen fixers (e.g., Microcystis) strongly dominate the cyanobacterial 
assemblage since the 1920s. Sediment geochemistry summarised from Kielb (2015). 
 
 
Figure 3.10 The ratio of nitrogen fixing: non-nitrogen fixing cyanobacteria (NF:NNF) and 
sediment geochemistry in core WAL-15-GC2 (age model described in Chapter 2). Note that the 
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shifts in this ratio correlate with the major algal palynomorph assemblage changes identified by 
cluster analysis (see Figure 3.6), suggesting reorganizations in lacustrine food webs associated 
with changes in available nutrients. The increase in nitrogen fixers also tracks the peak in 
Ambrosia and other non-arboreal pollen (NAP) that is slightly later around Walden Pond than 
Sluice Pond. Sediment geochemistry summarised from Knights (2017). 
 
3.5 The Rise of the Greens in Sluice and Walden Ponds 
Sluice Pond and Walden Pond are both small lakes of glacial origin on granitic bedrock in 
northeastern Massachusetts. Sluice Pond, with its larger catchment, a small river flowing into the 
NW end, and outlet to the North Atlantic was a naturally mesotrophic lake, recorded by high 
concentrations of algal palynomorphs dominated by cyanobacteria (Figure 3.7). The much 
smaller catchment and high groundwater input into the closed basin of Walden Pond is evident in 
the much lower concentrations of algal palynomorphs, the relative abundance of cysts of 
dinoflagellates, and the lower species diversity (SDI in Figure 2.23) that reflect much lower 
primary productivity.  Nutrient influx associated with primarily recreational use in the woods 
around Walden allowed primary productivity (Figure 3.7) and species diversity (SDI in Figure 
2.15) to increase in the naturally oligotrophic Walden Pond after the nearby town of Concord 
was founded in 1635, and a similar but more muted algal palynomorph signature may record 
earlier Indigenous agricultural activity during the 16th century (see Chapter 2). Initial settlement 
of Lynn (Saugus) had little impact on algal palynomorphs in Sluice Pond, but the rapid industrial 
and urban expansion beginning in the 19th century resulted in a sharp reduction in the number 
and diversity of algal palynomorphs, recording highly stressed conditions, whereas Walden Pond 
continued to be valued as a recreational ‘wilderness’.  These marked differences in land use are 
reflected in the palynological records of both cores, but sudden-onset events had a greater impact 
on both lakes than land-use: an anomalous sedimentary unit in core SP14 KC1, attributed to the 
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1755 Cape Ann Earthquake by Monecke et al. (2018), and a charcoal-rich unit in core WAL15 
GC2 attributed to several wildfires  that occurred in Walden Woods during the first decade of the 
twentieth century (Köster et al., 2005).  Because the limnological effects of these events had 
been documented in previous paleolimnological studies, the distinct algal palynomorph signature 
associated with the earthquake and the fires was not surprising.  
What was surprising was the greatest change in algal palynomorph assemblages identified in 
both cores was the transition from a cyanobacteria- dominated assemblage to one dominated by 
green algal palynomorphs during the 20th century (Figures 3.5-3.7).  The very different land use 
histories around these two lakes is reflected in the type of green algae that succeeded the 
cyanobacteria, however.  Chlorophytes (primarily the solitary coccal Coelastrum reticulatum) 
that strongly dominate the rich assemblage in zone III in Sluice Pond (see Chapter 2).  It is 
common for smaller coccal organisms such as Coelastrum to outcompete larger colonies in 
hypereutrophic conditions (Bellinger & Sigee, 2010), such as those recorded by concentrations 
exceeding the severe effect level (SEL) of 2000 micrograms/g of total phosphorus (TP) for 
aquatic organisms in lakebed sediments from Sluice Pond (see Figure 2.25). Kielb et al. (2015) 
also found evidence of increasing primary productivity in the d15N and d13C record of core SP14 
(see Figure 1.8). Additionally, the second most abundant chlorophyte in zone III of core SP14 
KC1, Chlorococcum sp., are referred to as “green weeds” (Figure 2.19). This primarily edaphic 
shoreline-dwelling chlorophyte is also known to produce blooms of motile cells capable of 
utilizing available nutrients in the epilimnion in eutrophic to hyper-eutrophic conditions (Shubert 
& Gärtner, 2015). Abundant tests of the pseudoplanktonic testate amoeba Cucurbitella tricuspis 
and lorica of the tintinnid ciliate Codonella cratera in the uppermost sediments in Sluice Pond 
also record hypereutrophic conditions in Sluice Pond (Drljepan et al., 2014) and suggests that 
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small coccal chlorophytes are a favoured food source for these relatively small protozoan 
consumers.  
Coelastrum reticulatum and Chlorococcum sp. are also part of a relatively diverse assemblage of 
coccal chlorophytes in the modern zone III of core WAL-15-GC2, but algal palynomorph 
concentrations are an order of magnitude lower in the mesotrophic Walden Pond than in Sluice 
Pond, and it is half-cells of placoderm desmids that dominate the assemblage (Figure 2.22). 
Most of the desmid taxa in these sediments have planktonic life habits and prefer mesotrophic 
conditions, but some are benthic and thus reflect the clarity of the water column (see Chapter 2 
and Appendix A). 
Despite the differences in assemblages, the ratio of green algae to cyanobacteria increases 
sharply at the top of both cores SP14-KC1 and WAL-15-GC2, recording less hospitable 
conditions for cyanobacteria in both the hypereutrophic urban lake and the mesotrophic lake in a 
conservation area. This is a significant observation because blooms of cyanobacteria 
cyanobacterial (cHABs- cyanobacterial harmful algal blooms) are a major environmental 
problem in freshwater environments, posing threats to human health – the city of Toledo, Ohio, 
for instance, had to shut down its municipal water supply in response to a bloom of Microcystis 
spp. that produce the toxin microcystin. Michalak et al. (2013) reported that the largest cHAB 
ever recorded in the western basin of Lake Erie in 2011 was the result of increasing temperatures 
exacerbating the effects of continued loading and recycling of limiting nutrients- both 
phosphorus and nitrogen.  Although blooms of green algae (‘pond scum’) are not without 
environmental issues, promoting biochemical oxygen demand leading to hypolimnetic hypoxia 
when they decay, they have not been associated with toxins, so it is important to ascertain 
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whether it is likely that green algae will outcompete cyanobacteria in freshwater environments in 
future. 
In both microcosm and mesocosm experiments, Low-Décarie et al. (2011, 2014) found that 
increased CO2 levels led to changes in competitive ability among major phytoplankton taxa that 
are consistent with their physiology. At a community level, chlorophytes were favoured over 
cyanobacteria and diatoms under increasing atmospheric CO2 concentration, such as those 
forecast (Shapiro, 1973; Shapiro, 1990; Caraco and Miller, 1998; Low-Décarie et al., 2011, 
2015).  Low-Décarie et al. (2014) found a strong synergistic effect of elevated CO2 and high 
nutrient influx on primary productivity in freshwater ecosystems and an important effect of CO2 
on phytoplankton community composition. Leavitt and Findlay (1994) report increased fossil 
pigments belonging to green algae in ELA Lake 227 when nitrogen and phosphorus were added 
to this site in the Experimental Lakes Area of NW Ontario. 
Of the taxa that have been studied (Tortell, 2000; Low-Decarie et al. 2014), chlorophytes are 
phytoplankton group with the weakest carbon concentration capacity and RubisCO specificity, 
so they would be favoured by elevated CO2 concentrations.  The fact that freshwater bodies 
(unlike marine systems) naturally contain high concentrations of CO2 has been an argument 
against the effect of atmospheric concentrations of CO2 on primary productivity in lakes, but 
Low-Decarie et al. (2015) argue that “the consistent effect of CO2 on community composition 
even under these arguably extreme nutrient levels suggests that the effect of CO2 concentration 
on community composition is quite robust to changes in other nutrients”. They also suggest that 
the abundance of free CO2 in freshwater systems may explain the continued dominance of the 
green lineage, while the red lineage (chlorophyll c-bearing diatoms and chrysophytes and 
dinoflagellates whose evolutionary history involves a secondary (or even tertiary) endosymbiotic 
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event in which a protist engulfed an existing eukaryotic red alga have dominated marine systems 
since their evolution beginning in the latest Mesozoic Era, together with cyanobacteria 
(Falkowski et al., 2004; Martin and Quigg, 2012).   
Some members of the chlorophyll c-hosting red lineage (including dinoflagellates, diatoms, and 
chrysophytes) have transitioned to freshwater environments and are important constituents of the 
base of lacustrine food chains. Although the influx of nutrients associated with land clearing and 
agriculture appear to have favoured the red lineage, it is the green algae that appear to have 
flourished since the mid-20th century.  This is the interval that has been proposed to mark the 
base of the Anthropocene Epoch using markers of the Nuclear Age that accumulate in the 
geologic record (Zalasiewicz et al., 2018).  The exponential increase in the human population 
and the rapid accumulation of the products of petroleum combustion and microplastics that mark 
the Great Acceleration are additional proxies that can be used to define the base of the 
Anthropocene Series (the “golden spike”/ GSSP) in the mid-20th century (Waters et al., 2018).  
The common (although not universal) increase in green algae at the expense of other primary 
producers in freshwater ecosystems may be an additional proxy that can be used to distinguish 
the proposed Anthropocene from the Holocene in lake sediments.    
 
3.6  Conclusions 
The physiological differences between green algae and other primary producers favour 
chlorophytes and charophytes in freshwater environments which are saturated with respect to 
CO2. Higher concentrations of atmospheric CO2 appear to have favoured green algae over 
cyanobacteria and algae of the red lineage (diatoms, dinoflagellates) at several sites around the 
world, particularly since the mid 20th century. The fossil record of vegetative and resting cells 
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composed of a resistant class of biomolecules called algaenan in sediments record the rise of the 
greens in “pollen slides”, although the abundant desmid half-cells that characterises the latter 
part of the 20th century to the present in a sediment core from Walden Pond would not survive 
harsh oxidation treatments that are common sediment processing protocols employed by pollen 
analysts. The simultaneous increase in green algal palynomorphs in sediments deposited in the 
urban Sluice Pond which was heavily impacted by heavy industry in Lynn from the late 18th 
through mid-20th century, unlike the idyllic setting of Walden Pond, suggests a common 
response to the major shift in earth systems that has been proposed to define a new geologic 
epoch, the Anthropocene. Algal palynomorphs may be useful in distinguish the proposed 
Anthropocene from Holocene sediment deposited in freshwater settings.    
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Appendix A: Raw Data from Walden Pond and Sluice Pond 
 *All subsamples counted to 50 Lycopodium clavatum spores. 
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WAL-15-GC2 Chlorophyte Raw Data
Volume:2.5 g
Analyst: Paul Michael Pilkington
Lycopodium Tablet: 12,500 +/-200 spores
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17.5 1 28 0 28 6 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 10 0 0 1 0 76 0 0 2 0 1 0 3 12 2 178
18.5 1 42 0 42 4 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 1 1 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 228 0 1 8 1 9 2 4 43 9 411
19.5 0 13 0 13 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 1 0 98 0 2 8 4 6 1 11 17 6 184
23.5 3 43 0 43 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 1 22 19 9 184 0 0 29 8 16 3 28 90 19 539
26.5 2 24 0 24 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 1 16 5 2 258 0 0 19 0 43 8 6 42 2 464
29.5 1 35 0 35 5 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 22 0 77 16 6 5 3 10 2 11 38 41 322
33.5 11 37 0 37 2 0 3 2 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16 1 13 25 5 242 0 0 11 1 53 19 22 52 27 586
36.5 1 21 0 21 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0 3 19 4 199 0 0 2 0 14 6 6 33 12 356
39.5 5 43 0 43 4 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24 0 189 0 0 9 2 16 4 30 51 12 435
44.5 0 10 3 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 5 1 1 120 3 200 0 0 6 0 30 3 6 28 10 442
49.5 0 18 0 18 1 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 0 2 92 0 174 0 0 14 0 29 11 6 46 0 420
54.5 1 17 7 24 1 0 1 5 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 7 246 6 86 20 0 22 0 27 9 9 59 6 565
60.5 2 15 0 15 1 4 2 0 2 1 0 0 0 0 0 0 1 0 0 0 0 0 2 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 27 0 73 3 2 21 1 9 1 23 31 16 257
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2.5 0.107 0.08 0.08 0.116 0.146 0.019 0.019 0.019 0.034 0.07 0.07 0.124 0.019 0.059 0.034 0.238 0.019 0.034 0.019 0.019 0.124 0.047 0.019 0.034 0.195 0.034 0.124 0.047 0.279 0.047 0.184 0.294 0.116 0.019 2.888
5.5 0.073 0.013 0.013 0.138 0.013 0.013 0.022 0.121 0.138 0.031 0.218 0.013 0.013 0.039 0.031 0.046 0.073 0.013 0.022 0.053 0.085 0.031 0.215 0.079 0.013 0.162 0.28 0.138 0.013 0.147 0.275 0.073 0.039 0.085 0.121 0.085 2.933
9.5 0.101 0.048 0.048 0.048 0.082 0.02 0.035 0.048 0.06 0.035 0.127 0.035 0.149 0.092 0.22 0.34 0.02 0.048 0.11 0.048 0.163 0.092 0.02 0.176 0.251 0.048 0.142 0.02 0.02 0.082 0.082 2.811
14 0.145 0.145 0.145 0.135 0.044 0.025 0.025 0.061 0.025 0.075 0.025 0.061 0.061 0.025 0.287 0.358 0.089 0.135 0.025 0.135 0.102 0.124 0.23 2.484
16.5 0.211 0.211 0.224 0.044 0.044 0.044 0.044 0.278 0.145 0.364 0.164 0.102 1.875
17.5 0.029 0.291 0.291 0.114 0.05 0.029 0.029 0.029 0.05 0.029 0.162 0.029 0.363 0.05 0.029 0.069 0.182 0.05 1.877
18.5 0.015 0.233 0.233 0.045 0.036 0.045 0.015 0.015 0.062 0.026 0.327 0.015 0.077 0.015 0.084 0.026 0.045 0.236 0.084 1.631
19.5 0.187 0.187 0.028 0.067 0.028 0.336 0.049 0.136 0.083 0.112 0.028 0.168 0.22 0.112 1.743
23.5 0.029 0.202 0.202 0.062 0.012 0.012 0.085 0.012 0.131 0.118 0.068 0.367 0.157 0.062 0.104 0.029 0.154 0.299 0.118 2.222
26.5 0.023 0.153 0.153 0.033 0.076 0.013 0.116 0.049 0.023 0.326 0.131 0.22 0.07 0.056 0.217 0.023 1.685
29.5 0.018 0.241 0.241 0.065 0.032 0.018 0.123 0.183 0.342 0.149 0.074 0.065 0.044 0.108 0.032 0.115 0.252 0.262 2.364
33.5 0.075 0.174 0.174 0.019 0.027 0.019 0.041 0.019 0.098 0.011 0.084 0.135 0.041 0.365 0.075 0.011 0.217 0.111 0.123 0.215 0.142 2.177
36.5 0.017 0.167 0.167 0.017 0.017 0.017 0.114 0.04 0.156 0.05 0.325 0.029 0.127 0.069 0.069 0.22 0.114 1.715
39.5 0.051 0.229 0.229 0.043 0.014 0.014 0.014 0.16 0.362 0.08 0.025 0.121 0.043 0.184 0.251 0.099 1.92
44.5 0.086 0.034 0.104 0.014 0.014 0.014 0.051 0.014 0.014 0.354 0.034 0.359 0.058 0.183 0.034 0.058 0.175 0.086 1.683
49.5 0.135 0.135 0.014 0.014 0.014 0.014 0.014 0.014 0.014 0.035 0.025 0.333 0.365 0.113 0.185 0.095 0.061 0.242 1.825
54.5 0.011 0.105 0.054 0.134 0.011 0.011 0.042 0.048 0.048 0.054 0.362 0.048 0.287 0.118 0.126 0.145 0.066 0.066 0.236 0.048 2.023
60.5 0.038 0.166 0.166 0.022 0.065 0.038 0.038 0.022 0.022 0.038 0.052 0.038 0.237 0.358 0.052 0.038 0.205 0.022 0.117 0.022 0.216 0.255 0.173 2.395
Hmax= 4.094
WAL-15-GC2, Shannon Diveristy Index Raw Data
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p.
3 3 16 0 0 0 16 5 583 1 584 1 0 1 21 0
6 3 13 0 0 0 13 40 1275 1 1276 0 0 0 0 0
12 4 0 3 0 0 3 16 550 11 561 1 0 1 0 0
18 0 6 0 0 0 6 0 48 1 49 0 1 1 0 0
22 0 2 0 0 0 2 0 0 0 0 0 0 0 0 0
25 0 2 0 1 0 3 10 0 2 2 0 0 0 0 1
27 0 2 0 0 0 2 2 4 0 0 0 0 0 0 0
28 0 13 0 3 0 16 2 19 3 0 0 0 0 3 2
30 1 0 0 0 0 3 2 0 0 0 2 1 0 0 0
32 0 6 1 1 0 8 1 0 4 4 4 0 4 0 0
33 0 4 0 0 0 4 2 0 0 0 0 0 0 0 0
34 0 6 0 0 0 6 9 1 0 1 7 2 9 0 0
35 0 3 1 0 0 4 7 0 0 0 1 0 1 0 1
36 3 15 0 3 0 18 5 1 0 1 6 1 7 1 0
38 2 3 2 0 0 5 13 0 0 0 3 0 3 2 0
45 2 1 0 0 0 1 0 0 1 1 1 0 1 0 0
50 0 8 0 0 0 8 8 1 2 3 2 0 2 0 1
55 3 7 0 3 0 10 2 0 0 0 2 0 2 0 0
60 1 14 0 0 0 14 30 0 0 0 1 2 3 0 0
64 0 9 0 0 0 9 0 0 0 0 0 0 0 0 0
68 0 1 0 0 0 1 0 0 0 0 1 0 1 0 0
72 1 7 0 0 0 7 0 0 0 0 0 0 0 4 0
SP14-KC1 Chlorophyte Raw Data
Analyst: Paul Michael Pilkington
Lycopodium Tablet: 20,848 +/-500 spores
 132 
 
 
D
ep
th
(c
m
)
C
os
m
ar
iu
m
 sp
p.
Eu
as
tr
um
 s
pp
. 
St
au
ra
st
ru
m
 sp
p.
 
M
ic
ra
st
ri
as
 sp
p.
C
lo
st
er
iu
m
 sp
.
M
ou
ge
ot
ia
 sp
. 
Sp
ir
og
yr
a 
sp
.
Sp
ir
og
yr
a
 zy
go
.
Zy
gn
em
a
 sp
.
3 0 0 0 0 2 0 5 4 0
6 0 0 0 0 1 0 1 0 0
12 0 0 0 0 8 0 3 1 0
18 0 0 10 0 8 0 14 4 0
22 0 0 1 0 0 0 6 0 0
25 3 0 0 1 0 0 9 0 5
27 1 0 0 0 0 0 2 1
28 0 0 0 0 0 0 8 3 0
30 3 1 0 0 0 0 10 5 0
32 0 0 0 0 0 0 18 8 0
33 0 0 0 0 0 0 4 0 0
34 0 0 0 0 0 0 17 5 0
35 2 0 2 0 0 0 18 9 0
36 0 0 0 0 0 100 24 10 10
38 0 2 0 0 0 0 12 10 0
45 1 0 0 0 0 0 12 0 3
50 1 0 0 0 4 0 21 17 0
55 0 1 0 0 0 0 16 3 0
60 1 1 0 0 0 0 28 7 0
64 2 0 1 0 3 0 21 2 0
68 4 0 0 0 7 0 11 2 0
72 1 0 0 0 8 0 14 4 0
Analyst: Paul Michael Pilkington
Lycopodium Tablet: 20,848 +/-500 spores
Volume: 2.5 g
SP14-KC1 Charophyte Raw Data
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3 290 0 0 0 0 257 0 0 0 10
6 78 0 0 6 0 291 3 0 20 0
12 65 0 0 0 0 165 0 0 0 0
18 75 0 20 0 0 246 0 0 0 10
22 205 0 0 1 0 48 3 0 0 0
25 350 20 85 0 0 176 5 14 0 5
27 232 0 0 0 0 89 2 0 0 0
28 517 20 43 0 0 140 11 0 0 0
30 140 70 24 0 0 24 0 7 4 0
32 198 15 8 0 0 39 13 1 0 0
33 45 0 0 0 0 39 0 5 0 5
34 112 3 64 5 0 43 16 2 1 0
35 147 0 105 0 0 104 0 2 0 0
36 110 0 120 0 20 278 15 0 0 0
38 137 0 71 0 20 155 38 6 0 0
45 105 3 65 0 0 163 14 0 61 0
50 175 70 67 0 0 247 19 0 3 0
55 152 0 30 0 0 129 11 0 2 0
60 175 0 120 0 20 132 15 2 6 0
64 235 30 353 0 0 188 0 0 0 0
68 40 0 265 0 0 142 21 0 2 20
72 135 0 125 6 15 148 19 1 1 0
Analyst: Paul Michael Pilkington
Lycopodium Tablet: 20,848 +/-500 spores
Volume: 2.5 g
*Denotes unknown taxa
SP14-KC1 Cyanophyte Raw Data
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3 0 2 0 0 2 0 5 0 0
6 0 1 0 0 13 1 10 0 0
12 0 3 0 0 6 0 2 0 0
18 0 8 0 0 1 5 45 0 0
22 0 4 0 0 0 1 0 0 0
25 2 4 0 0 0 4 1 7 1
27 5 5 0 0 0 2 1 0 0
28 8 17 0 0 2 10 2 0 0
30 12 7 0 0 1 5 3 0 1
32 37 4 0 0 0 3 9 3 1
33 34 1 0 0 0 0 2 0 0
34 48 10 1 0 0 8 9 0 0
35 36 3 0 0 1 3 5 5 0
36 80 8 4 0 2 10 10 7 4
38 61 10 0 0 0 13 9 29 1
45 24 8 2 0 2 14 4 0 3
50 5 7 0 0 2 2 14 0 0
55 0 7 0 0 0 4 3 0 0
60 0 9 0 0 0 7 4 11 1
64 3 2 0 0 0 1 12 0 0
68 3 7 0 0 0 5 6 0 0
72 3 18 0 0 0 6 14 0 0
Analyst: Paul Michael Pilkington
Lycopodium Tablet: 20,848 +/-500 spores
Volume: 2.5 g
*Denotes unknown taxa
SP14-KC1 Dinophyte Raw Data
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3 9 50
6 28 1160
12 128 910
18 64 550
22 39 990
25 9 98
27 18 85
28 24 72
30 5 39
32 11 92
33 1 9
34 6 71
35 4 28
36 1 22
38 9 81
45 2 23
50 6 48
55 8 26
60 0 11
64 14 49
68 7 34
72 6 53
Analyst: Paul Michael Pilkington
Lycopodium Tablet: 20,848 +/-500 spores
Volume: 2.5 g
SP14-KC1 
Charcoal Fragment 
Raw Data
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3 134 5 4 2 2 3 1 4 147 168 27 13
5 182 2 2 5 1 1 0 192 203 15 10
6 164.7 6 4 7 1 1 0 182.7 201.7 12 18
7.4 158 1 3 1 3 2 4 5 162 181 10 5
10 160.5 1 12 3 7 1 1 1 183.5 208.5 19 24
12 159 2 9 2 2 11 2 1 1 2 187 217 10 28
15 198 28 5 7 27 1 1 1 1 3 266 340 19 68
18 153 20 4 7 11 2 2 1 2 197 246 15 44
20 145 16 1 6 16 3 1 1 1 187 232 25 42
22 156 1 27 5 4 9 2 3 1 2 4 216 273 14 48
25 170 34 5 18 1 1 1 1 2 228 291 7 58
27 174.5 23 22 1 3 0 220.5 269.5 6 46
28 160 21 1 26 1 2 1 3 2 6 209 272 3 49
29 151.5 10 4 24 2 1 1 1 1 191.5 235.5 2 41
30 148.5 5 2 22 8 2 1 3 11 177.5 231.5 8 29
31 194 10 1 3 16 2 3 1 2 4 226 268 12 32
32 170.5 5 1 1 15 5 4 5 192.5 228.5 7 22
33 168 3 2 13 1 5 2 1 4 8 187 226 7 19
34 170 1 13 1 4 6 6 10 184 225 7 15
35 165 5 14 3 3 2 184 211 8 19
36 165 3 2 13 3 3 6 183 213 5 18
38 174 2 3 15 3 1 3 4 194 225 8 20
40 190.5 1 1 9 1 4 1 201.5 218.5 11 11
42 167.5 2 5 1 2 1 174.5 185.5 8 7
45 165 1 5 4 3 6 7 171 197 10 6
48 152.5 1 6 2 1 3 3 159.5 175.5 11 7
50 157.5 3 1 6 4 2 6 6 167.5 195.5 9 10
55 165.5 1 2 5 2 166.5 176.5 2 1
Analyst: Francine McCarthy
Lycopodium Tablet: 20,848 +/-500 spores
Volume: 2.5 g
SP14-KC1 Raw Pollen Counts
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SP14-KC1, Shannon Diversity Index Raw Data
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3 3 16 0 0 5 583 1 1 0 21 0 0 0 0 0 2 0 5 4 0 290 0 0 0 257 0 0 0 0 10 0 2 0 0 2 0 5 0 0 1207
6 3 13 0 0 40 1275 1 0 0 0 0 0 0 0 0 1 0 1 0 0 78 0 6 0 291 0 0 20 3 0 0 1 0 0 13 1 10 0 0 1757
12 4 0 3 0 16 550 11 1 0 0 0 0 0 0 0 8 0 3 1 0 65 0 0 0 165 0 0 0 0 0 0 3 0 0 6 0 2 0 0 838
18 0 6 0 0 0 48 1 0 1 0 0 0 0 10 0 8 0 14 4 0 75 0 0 0 246 20 0 0 0 10 0 8 0 0 1 5 45 0 0 502
22 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 6 0 0 205 0 1 0 48 0 0 0 3 0 0 4 0 0 0 1 0 0 0 271
25 0 2 0 1 10 0 2 0 0 0 1 3 0 0 1 0 0 9 0 5 350 20 0 0 176 85 14 0 5 5 2 4 0 0 0 4 1 7 1 708
27 0 2 0 0 2 4 0 0 0 0 0 1 0 0 0 0 0 2 1 232 0 0 0 89 0 0 0 2 0 5 5 0 0 0 2 1 0 0 348
28 0 13 0 3 2 19 3 0 0 3 2 0 0 0 0 0 0 8 3 0 517 20 0 0 140 43 0 0 11 0 8 17 0 0 2 10 2 0 0 826
30 1 0 0 0 2 0 0 2 1 0 0 3 1 0 0 0 0 10 5 0 140 70 0 0 24 24 7 4 0 0 12 7 0 0 1 5 3 0 1 323
32 0 6 1 1 1 0 4 4 0 0 0 0 0 0 0 0 0 18 8 0 198 15 0 0 39 8 1 0 13 0 37 4 0 0 0 3 9 3 1 374
33 0 4 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 45 0 0 0 39 0 5 0 0 5 34 1 0 0 0 0 2 0 0 141
34 0 6 0 0 9 1 0 7 2 0 0 0 0 0 0 0 0 17 5 0 112 3 5 0 43 64 2 1 16 0 48 10 1 0 0 8 9 0 0 369
35 0 3 1 0 7 0 0 1 0 0 1 2 0 2 0 0 0 18 9 0 147 0 0 0 104 105 2 0 0 0 36 3 0 0 1 3 5 5 0 455
36 3 15 0 3 5 1 0 6 1 1 0 0 0 0 0 0 100 24 10 10 110 0 0 20 278 120 0 0 15 0 80 8 4 0 2 10 10 7 4 847
38 2 3 2 0 13 0 0 3 0 2 0 0 2 0 0 0 0 12 10 0 137 0 0 20 155 71 6 0 38 0 61 10 0 0 0 13 9 29 1 599
45 2 1 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 12 0 3 105 3 0 0 163 65 0 61 14 0 24 8 2 0 2 14 4 0 3 489
50 0 8 0 0 8 1 2 2 0 0 1 1 0 0 0 4 0 21 17 0 175 70 0 0 247 67 0 3 19 0 5 7 0 0 2 2 14 0 0 676
55 3 7 0 3 2 0 0 2 0 0 0 0 1 0 0 0 0 16 3 0 152 0 0 0 129 30 0 2 11 0 0 7 0 0 0 4 3 0 0 375
60 1 14 0 0 30 0 0 1 2 0 0 1 1 0 0 0 0 28 7 0 175 0 0 20 132 120 2 6 15 0 0 9 0 0 0 7 4 11 1 587
64 0 9 0 0 0 0 0 0 0 0 0 2 0 1 0 3 0 21 2 0 235 30 0 0 188 353 0 0 0 0 3 2 0 0 0 1 12 0 0 862
68 0 1 0 0 0 0 0 1 0 0 0 4 0 0 0 7 0 11 2 0 40 0 0 0 142 265 0 2 21 20 3 7 0 0 0 5 6 0 0 537
72 1 7 0 0 0 0 0 0 0 4 0 1 0 0 0 8 0 14 4 0 135 0 6 15 148 125 1 1 19 0 3 18 0 0 0 6 14 0 0 530
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3 0.015 0.057 0.023 0.351 0.006 0.006 0.07 0.011 0.023 0.019 0.343 0.329 0.04 0.011 0.011 0.023 1.337
6 0.011 0.036 0.086 0.233 0.004 0.004 0.004 0.138 0.019 0.298 0.051 0.011 0.004 0.036 0.004 0.029 0.97
12 0.026 0.02 0.076 0.276 0.057 0.008 0.044 0.02 0.008 0.198 0.32 0.02 0.035 0.014 1.123
18 0.053 0.224 0.012 0.012 0.078 0.066 0.1 0.039 0.284 0.35 0.128 0.078 0.066 0.012 0.046 0.216 1.765
22 0.036 0.021 0.084 0.211 0.021 0.307 0.05 0.062 0.021 0.812
25 0.017 0.009 0.06 0.017 0.009 0.023 0.009 0.055 0.035 0.348 0.101 0.346 0.254 0.078 0.035 0.035 0.017 0.029 0.029 0.009 0.046 0.009 1.571
27 0.03 0.03 0.051 0.017 0.03 0.017 0.27 0.349 0.03 0.061 0.061 0.03 0.017 0.991
28 0.065 0.02 0.015 0.087 0.02 0.02 0.015 0.045 0.02 0.293 0.09 0.301 0.154 0.058 0.045 0.08 0.015 0.053 0.015 1.411
30 0.018 0.031 0.031 0.018 0.043 0.018 0.108 0.065 0.362 0.331 0.193 0.193 0.083 0.054 0.122 0.083 0.018 0.065 0.043 0.018 1.899
32 0.066 0.016 0.016 0.016 0.049 0.049 0.146 0.082 0.337 0.129 0.236 0.082 0.016 0.117 0.229 0.049 0.039 0.09 0.039 0.016 1.816
33 0.101 0.06 0.101 0.364 0.355 0.118 0.118 0.343 0.035 0.06 1.658
34 0.067 0.091 0.016 0.075 0.028 0.142 0.058 0.362 0.039 0.058 0.25 0.304 0.028 0.016 0.136 0.265 0.098 0.016 0.083 0.091 2.224
35 0.033 0.013 0.064 0.013 0.013 0.024 0.024 0.128 0.078 0.365 0.337 0.338 0.024 0.201 0.033 0.013 0.033 0.05 0.05 1.835
36 0.02 0.071 0.02 0.03 0.008 0.035 0.008 0.008 0.252 0.101 0.052 0.052 0.265 0.088 0.366 0.277 0.071 0.223 0.044 0.025 0.014 0.052 0.052 0.04 0.025 2.202
38 0.019 0.027 0.019 0.083 0.027 0.019 0.019 0.078 0.068 0.337 0.114 0.35 0.253 0.046 0.175 0.233 0.068 0.083 0.063 0.147 0.011 2.238
45 0.022 0.013 0.013 0.013 0.013 0.091 0.031 0.33 0.031 0.366 0.268 0.26 0.102 0.148 0.067 0.022 0.022 0.102 0.039 0.031 1.985
50 0.053 0.053 0.01 0.017 0.017 0.01 0.01 0.03 0.108 0.093 0.35 0.235 0.368 0.229 0.024 0.1 0.036 0.047 0.017 0.017 0.08 1.904
55 0.039 0.074 0.039 0.028 0.028 0.016 0.135 0.039 0.366 0.367 0.202 0.028 0.104 0.074 0.048 0.039 1.624
60 0.011 0.089 0.152 0.011 0.019 0.011 0.011 0.145 0.053 0.361 0.115 0.336 0.325 0.019 0.047 0.094 0.064 0.053 0.034 0.075 0.011 2.034
64 0.048 0.014 0.008 0.02 0.09 0.014 0.354 0.117 0.332 0.366 0.02 0.014 0.008 0.06 1.464
68 0.012 0.012 0.036 0.057 0.08 0.021 0.193 0.352 0.349 0.021 0.127 0.123 0.029 0.057 0.044 0.05 1.56
72 0.012 0.057 0.037 0.012 0.063 0.096 0.037 0.348 0.051 0.101 0.356 0.341 0.012 0.012 0.119 0.029 0.115 0.051 0.096 1.945
Hmax= 3.761
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Appendix B: Historical Photos and Information about the Study Sites 
 
 
The following images illustrate the various types of human activity that has occurred in both the 
Sluice Pond and Walden Pond catchments since the arrival of European settlers to 
Massachusetts. The activities that have taken place within each catchment have changed the 
surrounding landscape and water quality from their baseline conditions.  
 
 
Figure B.1 Image of the 1860 shoe strike in Lynn where 20,000 shoemakers throughout New 
England protested for a better wage. After weeks of protesting they were successful. Image was 
re-created by Howard Zinn. Photo from libcom.com, posted by Steven on September 9th, 2006. 
URL: https://libcom.org/history/1860-the-lynn-shoe-strike 
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Figure B.2 Image of the General Electric headquarters arrived in Lynn in 1892. The increased 
production during WWII employed over 20,000 residents of Lynn at “the GE.” Photo from 
Boston Globe (GLOBE STAFF/FILE 1970). URL: 
https://www.bostonglobe.com/metro/regionals/north/2016/01/29/lynn-was-way-
life/mBRBGpbh7CwJIU1EK8MyaM/story.html 
 
 
Figure B.3 Image from an antique postcard of a bird's eye view of Central Square in Lynn, MA, 
from 1920. Photo taken from Wikipedia Commons. URL: 
https://commons.wikimedia.org/wiki/File:Lynn_Central_Square_Historical_Photo.jpg 
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Figure B.4 Image of a postcard from 1924 with someone row boating on Sluice Pond in Lynn, 
Ma. Photo taken from Picclick.com. URL: https://picclick.com/1924-Sluice-Pond-Row-Boat-
LYNN-MA-Mass-323798807169.html 
 
Figure B.5 Image of Brad Hubeny (Salem State University) and Emma Howey (Wellesley 
College) take a sediment core from Sluice Pond in Lynn, Massachusetts. Photo taken by Katrin 
Monecke. 
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Figure B.6 Image of Paul Michael Pilkington taking surface sediment samples on Sluice Pond 
for an undergraduate special topics course in paleolimnology with Professor Francine McCarthy. 
Image from October of 2015, taken by Jason Kirkey. 
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Figure B.7 Image of Walden Pond (Date Unknown). Image taken from Walden Pond State 
Reservation. URL: 
https://waldenpondstatereservation.files.wordpress.com/2008/10/waldenpond1.jpg. 
 
 
Figure B.8 Image of the Fitchburg Railroad tracks beside Walden Pond from the late 1860’s. 
Image taken from the  New England Historical Society. URL: 
http://www.newenglandhistoricalsociety.com/flashback-photo-walden-pond-now/. 
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Figure B.9 Image of the Walden Pond amusement park during the 1870’s which burnt down in 
1902 and was never re-built. Image taken from the  New England Historical Society. URL: 
http://www.newenglandhistoricalsociety.com/flashback-photo-walden-pond-now/. 
 
 
 
Figure B.10 Image of the survey Thoreau took of Walden Pond in 1846. Image taken from the  
New England Historical Society. URL: http://www.newenglandhistoricalsociety.com/flashback-
photo-walden-pond-now/. 
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Figure B.11 Image of the cover of Thoreau’s book Walden (1854) from his time of solitude in 
the woods of Walden Pond. Image taken from Wikipedia. URL: 
https://en.wikipedia.org/wiki/Walden#/media/File:Walden_Thoreau.jpg. 
 
 
Figure B.12 Image of Thoreau’s re-created cabin in the woods of Walden Pond. Image taken 
from taken from Thoreau Living History. URL: http://www.thoreaulivinghistory.org/ 
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Figure B.13 Image of Walden Pond from the view of Thoreau’s cabin taken in 1908. . Image 
taken from the  New England Historical Society. URL: 
http://www.newenglandhistoricalsociety.com/flashback-photo-walden-pond-now/. 
 
 
 
Figure B.14 Image of the trailer park “Walden Breezes” from 1937. Image taken from the  New 
England Historical Society. URL: http://www.newenglandhistoricalsociety.com/flashback-
photo-walden-pond-now/. 
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Figure B.15 Image of one of Thoreau’s famous quotes on display near his cabin in the woods of 
Walden Pond. Image taken from Atlus Obscura. URL: 
https://www.atlasobscura.com/places/walden-pond. 
 
 
 
Figure B.16 Image of the eastern shore of Walden Pond that is frequently visited during the 
summer months. Image taken by Bethany Bourgault from New England Today Travel. URL: 
https://newengland.com/today/travel/massachusetts/walden-pond-2/. 
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Figure B.17 Image of the walking trails surrounding Walden Pond. Image taken by Bethany 
Bourgault from New England Today Travel. URL: 
https://newengland.com/today/travel/massachusetts/walden-pond-2/. 
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Appendix C: Taxonomy, ecology, morphology, and photomicrographs of common NPP 
 
 
The following appendix is to be used as a guide for interpreting and identifying freshwater algal palynomorphs, including 
cyanobacteria. This guide should be useful for interpreting modern samples as well as most Holocene aged material. Note the 
preservation potential of each microfossil is dependent upon the preservation at each site. 
 
Table C.1 Systematics and ecology of common non-pollen genera in palynological preparations from Sluice and Walden ponds, based 
on numerous resources; Komárek & Jankovská (2000), Wehr & Sheath (2015), Bellinger & Sigee, 2015, and online resources 
(Algalweb.ne, Digicodes.info, Galerie.sinicearasy.cz, Protist Information Server). Representative photomicrographs were taken from 
slides from cores WAL15 GC2 and SP14 KC1 using Leitz Wetzlar Orthoplan microscope at 400X magnification. 
 
Systematics and ecology of chlorophytes Photomicrographs 
Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Chlorophyceae 
Order Sphaeropleales 
Family Hydrodictyaceae 
Genus Pediastrum  
 
Pediastrum is a genus of colonial organism composed of 
unicells that are arranged in a plate like layer often forming 
a “star-like” shape. A coenobium contains at least 4 unicells 
and cells increase by a multiple of 2, up to 128 unicells 
within a coenobium and can range in size from ~15 µm to 
400 µm, while the unicells range ~2-20 µm. Pediastrum can 
be identified to species by morphology, where outer cells 
can contain multiple lobes or processes, as well as cell walls 
can be smooth or have various ornamentation. Peripheral 
unicells look similar and contain at least one to two “horn-
like” processes. Pediastrum is a freshwater genus that can 
be found in almost all regions of North America. This 
colonial green alga is planktonic, non-motile, and is 
commonly found, but not exclusively, in nutrient rich 
environments. Photo: Pediastrum boryanum with a 
Lycopodium spore. Scale bar = 20 µm.  
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Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Chlorophyceae 
Order Sphaeropleales 
Family Scenedesmaceae 
Subfamily Coelastroideae 
Genus Coelastrum 
Coelastrum is a genus of colonial, spherical organisms, with 
unicells arranged in a 4-8-16-32-(64) celled pattern. Unicells 
can be spherical to polygonal in shape and are typically ~2-
30 µm in diameter. Unicells are interconnected with 
mucilaginous protuberances and the rest of the coenobium is 
hollow. Coenobia can range from 20-100 µm in size and can 
exhibit ornamentation but overall lacking processes or sharp 
spines. Coelastrum is a cosmopolitan freshwater species that 
can be found throughout North America, including central 
America. This green alga is mostly planktonic and is usually 
found in eutrophic conditions.  
 
 
Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Chlorophyceae 
Order Chlamydomonadales 
Family Chlorococcaceae 
Genus Chlorococcum 
Chlorococcum spp. have solitary to clusters of vegetative 
cells that can form a colony within thin mucilage that is 
difficult to identify. Cells are spherical to ellipsoidal range 
from ~10-20 µm in size, usually visible chloroplast within 
cell, surrounded by smooth cell walls. This cosmopolitan 
genus is mainly edaphic and found in freshwater, marine, 
soil, and sub-aerial habitats from soil in Antarctica to hot 
springs in Asia. 
 
 
 150 
Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Trebouxiophyceae 
Order Chlorellales 
Family Chlorellaceae 
Genus Acanthosphaera 
 
Acanthopshaera spp. unicells are solitary, spherical, having 
a “star-like” shape with long slender spines that have a 
thickened basal section and narrow end. Cells are typically 
~10–15 µm in size but spines can range from ~20–70 µm in 
length. This freshwater genus is planktonic and found 
mostly in temperate regions. In preservation and/or 
preparation, it is common for spines to break off, and 
finding cells with large spines within samples is rare. These 
can often be found surrounded or “stuck” onto amorphous 
organic matter on preparation slides, likely due to the 
spines.  
 
 
Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Trebouxiophyceae 
Order Trebouxiales 
Family Botryococcaceae 
Genus Botryococcus 
 
Botryococcus is a colonial genus with unicells that are 
densely packed and basic and arranged radially in a colony 
that can reach up to 1mm in diameter.  Unicells are ~10 µm 
in size and are ovoid to spherical but are conically tapered 
toward the center of the colony. Colonies have an indistinct 
“blob-like” shape but high relief due to a sheen on cellular 
wall from high lipid content. Unicells are often obscured 
from view in a colony due to excess mucilaginous content 
and accumulated oil which Botryococcus is known for. It is 
common to see colonies attached to each other via 
mucilaginous strands. This planktonic freshwater species 
can be found in a range of habitats and geographically 
widespread in North America Counting individual unicells 
can be too difficult and counting colonies is much easier and 
more accurate.  
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Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Chlorophyceae 
Order Sphaeropleales 
Family Scenedesmaceae 
Subfamily Scenedesmoidea 
Genus Scenedesmus 
Scenedesmus spp. produce colonial unicells, with a flattened 
and linear coenobia. Unicells can be arranged in 2-4-8-16-
32 cell pattern that are laterally joined to each other in a 
“chain-like” manner. Coenobia can reach >50 µm while 
unicells are generally ~5-10 µm. Unicells can be ovoid, 
ellipsoidal, or crescent shape, with a tapering at the end of 
each unicell. Cell walls are typically smooth with no spines 
present. A spine producing species, S. armatus, is now 
classified as the genus Desmodesmus, which was likely the 
identified taxon in samples due to presence of spines. 
Unicells on end of chains have two spines or process 
protruding from tapered sides of the cell. This freshwater 
genus is planktonic and cosmopolitan, being one of the most 
reported green algae worldwide. Desmodesmus is known to 
inhabit nutrient rich water, especially high in inorganic 
nitrogen, that are slightly acidic with low salinity levels. For 
counting purposes, individual unicells are counted, because 
disarticulation of colonial chains occurs and unicells can 
become separated from coenobia. 
  
Phylum Chlorophyta 
Subphylum Chlorophytina 
Class Chlorophyceae 
Order Sphaeropleales 
Family Hydrodictyaceae 
Genus Tetraedron 
Tetraedron produces solitary cells that are triangular or 
pyramidal in shape that typically ~10-15 µm in size. Cells 
are symmetrical and have three to five, usually four angles 
and have a “nipple-like” process on the end of each point. 
This freshwater genus is planktonic and cosmopolitan, 
commonly found in temperate lakes and ponds. 
 
 
Taxonomy and Ecology of Charophytes Photomicrographs 
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Phylum Charophyta 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Desmidiales 
Family Desmidiaceae 
Genus Cosmarium 
 
Conjugate semi-cells are usually polygonal to elliptical with 
moderate to deep sutures. Cosmarium is known to have 
ornamentation, consisting of pores, spines, granules, 
verrucae, scrobiculations, and crenulations. The genus 
Cosmarium is morphologically similar to Euastrum but 
distinguished by having less ornamentation than Euastrum. 
Euastrum and lacking an apical incision. To identify to 
species level of Cosmarium cell shape, size, and 
ornamentation are important. Cosmarium contains many 
morphologically similar taxa, being the most diverse 
conjugate green algae in North America with over 400 
species and nearly 1000 subspecies. Cosmarium can be 
found in nearly all aquatic and sub-aerial habitats.  This 
freshwater species inhabits both benthic and planktonic 
settings and can be found in oligotrophic to eutrophic 
environments.   
 
 
Phylum Charophyta 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Desmidiales 
Family Desmidiaceae 
Genus Staurastrum 
 
Next to Cosmarium, Staurastrum is the second most 
abundant conjugate green algal genus. This genus contains 
more than 300 species in North America and can be found 
in almost every aquatic habitat Conjugate half cells are 
usually spheroid, ellipsoid, or polygonal semi-cells, with 
most having long “arm” like processes that can end in two 
to four spines. Processes can contain various forms of 
ornamentation, which combined with cell shape, size, and 
chloroplast shape can be used to distinguish to species level. 
This freshwater genus can be planktonic, benthic, and 
periphytic and can be found in most trophic environments. 
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Phylum Charophyta 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Desmidiales 
Family Desmidiaceae 
Genus Euastrum 
 
Euastrum spp. contains semi-cells that are typically 
subrectangular to trapeziform in shape and can range from 
10 to >100 µm in length. In apical view, semi-cells can 
appear nearly rectangular. The semi-cells often have an 
apical incision, which results in two or more lateral lobes. 
Often contains ornamentation like pores, granules, spines, or 
verrucae. Spines are usually common on lobes. 
Differentiating between smaller and less ornamented 
Euastrum spp. and Cosmarium spp. can be difficult due to 
similar morphology. Euastrum is known to be broadly 
distributed throughout North America. Commonly found in 
acidic, oligotrophic waters. Scale bar = 20 µm 
  
Phylum Charophyta 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Desmidiales 
Family Desmidiaceae 
Genus Micrasterias 
Micrasterias produces conjugate half-cells that have 
radiating processes from a central lobe and contain two 
lateral lobes with many dissections. The ends of the 
processes usually contain spines and cell wall can contain 
other ornamentation. These cells can grow to 400 µm and 
are usually solitary (a filamentous species exists but is not 
identified within samples). This freshwater genus has some 
cosmopolitan species that are planktonic or periphytic in 
acidic, oligotrophic to dystrophic lakes.  
 
 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Desmidiales 
Family Closteriaceae 
Genus Closterium 
 
Closterium are solitary, containing half-cells that are 
typically straight to lunate that taper towards the end, where 
semi-cell ends can be pointed or rounded. Cells are typically 
more elongated than broad and can reach up to 1mm in 
length. Can be identified by the size, shape, curve of arch, 
and minor ornamentation. This freshwater genus is 
planktonic, but mostly epiphytic or periphytic, and can an 
important component of some algal assemblages.  
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Class Conjugatophyceae 
(Zygnematophyceae) 
Order Zygnematales 
Family Zygnemataceae 
Genus Spirogyra  
 
Spirogyra form filamentous cell chains that can range from 
~20-60 µm in width and can be much larger in length. 
Individual cells within chains are typically cylindrical in 
shape where chloroplast, coiled in each cell, can be seen. 
Cell walls are typically smooth and unornamented. 
Spirogyra forms free floating mats in aquatic environments 
that allow other organisms like algae, fish, and other 
invertebrates. This freshwater genus is one of the most 
widespread. Can be planktonic or epiphytic and is known to 
tolerate pollutants and brackish water.  
 
 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Zygnematales 
Family Zygnemataceae 
Genus Zygnema  
 
Zygnema is a filamentous green alga with cylindrical cells 
that range ~20-30 µm in diameter, form chains and can 
grow much longer than width of cell. Chains can appear 
rectangular that form smooth walls with no ornamentation. 
This freshwater genus found in North America, but only in a 
few locations. Scale bar = 50 µm 
 
 
Phylum Charophyta 
Class Conjugatophyceae 
(Zygnematophyceae) 
Order Zygnematales 
Family Zygnemataceae 
Genus Mougeotia 
This filamentous charophyte produces vegetative filaments 
that are cylindrical and longer than they are wide. Filament 
diameter ranges between ~5 to 30 µm, where filaments can 
appear purple to brown under certain conditions. 
Chloroplast may or may not be present depending on 
maturity and environmental conditions present.  
 
 
Taxonomy and Ecology of Cyanobacteria Photomicrographs 
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Class Cyanophyceae 
Subclass 
Oscillatoriophycidae 
Order Chroocaccales 
Family Microcystaceae  
Genus Microcystis 
Microcystis produces solitary cells that grows in colonies. 
Unicells are spherical to hemispherical and are typically ~5 
µm in diameter, but size may vary by species. Colonies are 
irregular in shape, with scattered cells that can be densely, 
or irregular arranged. Colonies can be surrounded by 
mucilage and often surrounded by amorphous organic 
matter. Can appear blue-green in colour, sometimes brown 
due to pigments present and gas vesicles. This freshwater 
blue-green alga can be planktonic, benthic, epiphytic, 
periphytic, and are commonly found in eutrophic waters but 
can be found in nearly all environments. Different growth 
stages of Microcystis have been considered to be 
morphotypes. In preparation slides, cells are typically 
scattered throughout slide or found within amorphous 
organic material. Estimation of the number of unicells 
within a colony is recommended as counting individual cells 
on a slide can be difficult to quantify. Known to be non-
nitrogen fixing, as well as produce harmful toxins and 
HABs. 
 
 
Class Cyanophyceae 
Subclass Nostocophycidae 
Order Nostocales 
Family Nostocaceae 
Genus Nostoc  
 
Nostoc is filamentous cyanophyte, with cell chains 
consisting vegetative unicells (spherical, ~5 µm diameter) 
that typically coiled and form dense clusters. Heterocyst 
cells meant for nitrogen fixation form in low nutrient/low 
light conditions (spherical, ~5 µm), while the akinetes 
(spherical, rarely cylindrical, ~8-10 µm) develop under 
increasingly harsh conditions. Colony typically surrounded 
by mucilage, where cells can be pale to bright blue, and 
olive green. This possibly polyphyletic genus is found in 
freshwater and is mainly benthic and can grow on most 
substrates. Known to be endophytic with some fungi, moss, 
and plant taxa. This taxon can form large spherical to flat 
colonies and gelatinous mats that are visible to the human 
eye. This blue-green alga is widely distributed throughout 
North America and is known to produce harmful toxins and 
HABs. It is possible to confuse Anabaena with Nostoc. 
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Nostoc will typically have more spherical akinetes and 
typically the cellular chains are still intact and visible 
compared to Anabaena, where the cellular chains are more 
disarticulated and the akinetes are more ovoid and found in 
clusters. Photo: Nostoc vegetative cell chains. Scale bar = 20 
µm 
 
Class Cyanophyceae 
Subclass Nostocophycidae 
Order Nostocales 
Family Nostocaceae 
Genus Anabaena  
 
Anabaena is a filamentous cyanophyte, with cell chains 
usually curved or irregularly coiled. Vegetative cells (~5 
µm) can range from spherical, ellipsoidal, occasionally 
reniform, compared to the more spherical vegetative cells of 
Nostoc. Contains heterocysts that are spherical to ovoid and 
~5 µm in diameter, and akinetes that are more ovoid and are 
typically ~6-10 µm. Can be pale to bright blue-green and 
even yellow in colour. This freshwater species is mostly 
benthic, can also be epiphytic and epiphytic. This genus is 
commonly distributed throughout North America, also 
known to produce harmful toxins and HABs. For 
microfossil quantification purposes, individual unicells can 
be difficult to count due to being coiled, non-spherical 
morphology, and/or poor preservation. Akinete cells 
preserve well compared to other Anabaena cells and are 
more common in slides, commonly found separated from 
the filamentous chain, either as an induvial or grouped 
together in a cluster. Nostoc will have more spherical 
akinetes and typically the cellular chains are still intact and 
visible compared to Anabaena, where the cellular chains are 
more disarticulated and the akinetes are more ovoid and 
found in clusters. Photo: Anabaena akinetes Scale bar = 50 
µm 
 
 
Class Cyanophyceae 
Subclass Nostocophycidae 
Order Nostocales 
Family 
Aphanizomenonaceae 
Cylindrospermopsis is a filamentous cyanophyte that 
produces a free floating, solitary screw-like filament. 
Unicells are difficult to quantify and are counted as 
individual filaments. Filaments are typically ~2-3 µm in 
width but vary in length and often pointed near the ends of 
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Genus Cylindrospermopsis 
 
the filament. Heterocysts and akinetes exist for this genus 
but are not seen in slides. Commonly known to produce 
harmful cyanotoxins and inhabit hypereutrophic 
environments, with increasing occurrences over the last few 
decades, especially in Florida and more recently temperate 
lakes from north-east USA. 
 
Class Cyanophyceae 
Subclass 
Oscillatoriophycidae 
Order Oscillatoriales 
Family Oscillatoriaceae 
Genus Lyngbya 
 
 
*This identified taxa is likely 
cf “Aphanizomenon” sp. 
 
Filamentous cyanobacterial sheaths that surround cells are 
commonly found in sediment samples. Identified as 
“Lyngbya-like” because preservation of cells is not seen, so 
this taxon is likely a cyanophyte that produces filamentous 
sheaths. If cells are present, they are discoid in shape.  The 
sheaths range in length but are typically wider than ~6 µm. 
Filaments seen range from straight to slightly coiled and can 
form large layered colonies. Sheaths can range from being 
colourless to yellow-brown or reddish, rarely blue. Lyngbya 
is known to inhabit a number of habitats, including 
freshwater, brackish, and marine environments forming 
benthic mats and periphytic with most substrata.  Scale bar 
=50 µm 
 
 
Class Cyanophyceae 
Subclass 
Synechococcophycidae 
Order Synechococcales 
Family Merismopediaceae 
Genus Microcrocis 
 
Microcrocis is a colonial unicellular alga arranged in a 
densely packed organized layer in rows surrounded by a 
mucilage. Unicells look spherical from top plane view, but 
unicells are elongated ovoid and more rod like, with the 
longer axis perpendicular to the colony plane. Colonies vary 
in size, unicells are typically ~2-3 µm in diameter and ~5-8 
µm along the long axis. Commonly colourless, or pale to 
bright blue-green in colour. This taxon is mainly freshwater, 
are typically epipelic and metaphytic, and grows in smaller 
bodies of water. Some species inhabit brackish and marine 
conditions. Scale bar = 20 µm 
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Photoplate C.1 Representative dinoflagellate cyst algal palynomorphs from both Walden Pond and Sluice Pond. A) Peridinium willei; 
B) Peridinium volzii; C) Peridinium cinctum; D) Peridinium gatunense; E) Parvodinium inconspicuum; F) Parvodinium umbonatum; 
G) Fusiperidinium wisconsinense. Microfossils photographed using a Leitz Wetzlar Orthoplan microscope at 400X magnification. 
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Photoplate C.2 Representative charcoal and soot fragments from both Walden Pond and Sluice Pond. Photos A, B, and C represent 
charcoal fragments associated with the 1902 fire in the catchment of Walden Pond. Photos D, E, and F represent the amorphous soot 
particles associated with the industrial activity in Lynn, Ma, and within the catchment of Sluice Pond.  
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Table C.2 Algal Palynomorph taxa that are commonly found in samples from SP14-KC1 and WAL-15-GC2. Each taxon has an 
associated description for how each were quantified. 
 Taxon Description (for one count) 
Chlorophytes Botryococcus spp.  Coccal colonies, represented by each coccal mass (10-20 µm 
in diameter)  
Pediastrum spp. Organized colonies of coenobia, where each coenobium 
represents one count 
Coelastrum reticulatum, Acanthosphaera 
spp., Chlorococcum spp., Tetraedron 
spp. 
Represented by one cell count 
Scenedesmus spp.  
Desmodemus spp. 
Produces coenobia that range in unicells, where each unicell 
represents one count 
Charophytes Desmids (Euastrum spp., Cosmarium 
spp., Staurastrum spp.) 
Charophyte desmids are conjugate half-cells, where each 
half-cell represents one count 
Filamentous Green Algae (Spirogyra 
spp., Zygnema spp., Mougeotia spp.) 
Filamentous charophytes produce chains of vegetative cells 
of varying amounts, where one vegetative cell in a filament 
represents one count 
Cyanophytes Microcystis spp. Produce colonies of unicells, where one unicell represents 
one count. 
Anabaena spp., Nostoc spp. Produce colonies of unicells, where one unicell represents 
one count. 
Produce both heterocysts and akinetes, where each cell 
represents one count 
Microcrocis spp. Produce mat like colonies of unicells, where one unicell 
represents one count 
Cylindrospermopsis spp. Produce spiral filaments, one filament represents one count 
“Lyngbya” type sheaths Tube like sheaths that surround unicells of filamentous 
cyanophytes, no unicells were counted, one sheath(tube) 
represents one count 
Unknown coccoid cyanophytes Produce colonies of unicells, where one unicell represents 
one count. 
 161 
Unknown filamentous cyanophytes Produce colonies of unicells, where one unicell represents 
one count. 
Dinophytes All dinophytes (Peridinium spp., 
Parvodinium spp., Fusiperidinium sp.) 
Produce fossilizable cysts, where one cyst represents one 
count 
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Appendix D: Additional data and paleolimnological interpretations from Sluice and Walden Ponds  
 
 
Table D.1 Comparison of paleolimnological interpretations from multiple cores from Walden Pond   
Zone Age (y 
AD) 
Algal Palynomorphs in core WAL 15-GC2 
(this study) 
Siliceous microalgae- diatoms & chrysophytes (2000 core: Köster et 
al., 2005; WAL-3: Stager et al., 2018) 
III Early-mid 
20th C to 
present 
Increase in planktonic chlorophytes (i.e. 
Coelastrum spp., Acanthosphaera, 
Chlorococcum). 
 
Diverse desmids (benthic Cosmarium spp. and 
planktonic Staurastrum spp.) record good 
water quality with low turbidity.  
 
Abundant cysts of Parvodinium umbonatum 
record good water quality. 
 
Assemblage does not change prior to ~1950 
AD indicating eutrophication is not increasing. 
Increase in the planktonic diatoms Fragilaria (Synedra) nanana and 
Asterionella formosa, chrysophyte:diatom ratio, and organic matter (LOI) 
record cultural eutrophication attributed to summer visitors and 
forest/shoreline erosion.  
 
Discostella  (Cyclotella) stelligera crashes in the Köster core during early 
20th century, outcompeted by taxa like Cyclotella bodanica and Tabellaria 
flocculosa str. III p. that bloom in spring/autumn and Synedra nana and 
Asterionella formosa in summer months, when TP is higher. 
 
IIC ~1840 AD- 
early/mid 
20th C 
Phytoplankton decline (decrease in cyanophyte 
and dinophyte taxa) while green algae 
(chlorophytes & charophytes) increase towards 
top of subzone. 
Production increase of green algae and diatoms correlates with land 
clearing in the watershed, low %C and %N indicate higher mineral input 
from soil erosion from logging. Diatom increase & chysophyte decrease 
related to eutrophication. 
Increase in planktonic diatoms from WAL-3 core. 
Decrease in Discostella stelligera (Cyclotella stelligera),  
Abundance increase in Synedra nana, Asterionella formosa, and A. ralfsii. 
Cyclotella bodanica recovers 
IIB ~1770 AD-
~1840 AD 
Most planktonic taxa remain stable 
Increase in planktonic dinophyte P. willei and 
cyanophyte Microcystis spp. 
Discostella stelligera reaches maximum abundance at the expense of 
Tabellaria flocculosa str. III 
LOI continues to decrease, LOI spike coincides with D. stelligera increase 
in Scales:Diatoms ratio 
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IIA ~1635 AD- 
~1770 AD 
Planktonic taxa remain stable Phytoplankton follow same trend as IB. Cyclotella bodanica crashes. 
Correlate to decrease in LOI from continued land clearing 
IB ~1300AD-
~1635 AD 
Increase in planktonic taxa 
Introduction of natives increases nutrient flux, 
increase in hydrologic budget 
Distinct change occurs ~45cm in WAL-3 core, Cyclotella bodanica, 
Tabellaria flocculosa str. IIIp, decrease, while Discostella stelligra, 
Eunotia spp., Scales:Diatom increase. Asterionella formosa first major 
increase after ~45cm. All correlate to a decrease in LOI, indicating 
terrigenous input from native agriculture. WAL-3 Planktonic% increase 
~1400 AD 
IA <1300 AD Akinetes dominate during medieval warming 
period, less hydrologic input equals less 
nutrient flux 
Oligo-mesotrophic, slightly acidic, low C/N ratios indicate low nutrient 
flux, planktonic species only (acidic, low abundance)  
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Figure D.1 Images of the split cores taken from Walden Pond (WAL-15-GC2 (western basin), 
WAL-15-GC4 (central basin), and WAL-15-GC6 (eastern basin) next to Munsell soil color tiles. 
Image taken from Knights, 2018. 
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Figure D.2 Map of the epicenter (star) and modified Mercalli isoseismals of the 18 November 
1755 Cape Ann earthquake. Sluice Pond is denoted as a white circle. From Monecke et al. 
(2018) 
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Figure D.3 Multiple sedimentary proxies with age constraints from core SP14-KC1. Note the increase in shoreline aquatics, flux of 
terrigenous material, and increase of Ambrosia associated with the 1755 Cape Ann earthquake, outlined by the shaded grey bar 
between 32 to 28cm in the core. From Monecke et al. (2018). 
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Appendix E: Tea Island, Lake George Data and Figures 
 
The following data and figures are the result of preliminary NPP analysis of core TILG16 collected 
with the help of Andrea Krueger using a Rowley Dahl sampler.  The core site is near Tea Island, at 
the DFWI continuous monitoring station operated by the Jefferson Project on Lake George, NY. 
Results were presented at the International Association for Great Lakes Research conference in 
Brockport, NY, in June 2019 (Pilkington et al., 2019). 
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Figure E.1 Chlorophyte NPP abundance data for Botryococcus morphotypes found within the TILG16 core. Ratios of Botryococcus 
and Pediastrum (Bot:Ped) and Pediastrum and Botryococcus (Ped:Bot) illustrate various events/activities within a catchment, 
including if conditions were more dry or humid. Note the possible earthquake event recorded by the spike in Bot:Ped ratio. 
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Figure E.2 Cyanophyte NPP comparing the ratios of NF:NNF and NNF:NF illustrate periods of nutrient flux within a catchment. 
Note the increase in NNF cyanophytes during the plausible earthquake event that would have re-suspended sediment and nutrients 
from the lake sediment, leading to an associated bloom in planktonic taxa.  
 
 
 
 
